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Abstract
Annular flumes become convenient facilities to produce undisturbed flows to study eco-
hydralic and cohesive sediment transport, among others. These flumes are ring-shape chan-
nels that produce curved flow by rotating their lid and/or tank. Thus, momentum in the
tangential direction is transferred along the water column by the lid rotation. Because of the
circular motion, centrifugal acceleration makes the flow helical rather than tangential and
unidirectional. The objective of this work was to assess the applicability of the Engelund’s
formulation (Engelund, 1975) on the Ven Te Chow Annular Flume at the University of Illinois
Urbana-Champaign. In order to accomplish this goal, tangential and radial velocity profiles
were measured under three flow depths and five lid rotation conditions using Ultrasound
Velocity Profiler (UVP-DUO). Later, they were contrasted with those computed using the
Engelund’s formulation. Despite some similarities of the measured tangential profile with
the one computed using the Engelund’s formulation, it was found that the formulation is not
suitable for the Ven Te Chow Annular Flume. The strong curvature of the flume and the
large depth-to-width ratio played a major role on defining the interaction of the secondary
flow with the tangential velocity profile.
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Chapter 1
Introduction
Reproducing natural environments in laboratory facilities is an effort-demanding task for sci-
entists. For instance, experimental research on sediment transport and hydraulics has always
to overcome space limitations. Both take place over a wide range of time and spatial scales.
Bedload transport occurs over a significantly larger time scale than the downhill development
of a turbidity current. Also, rivers can convey water and sediments along hundreds of miles.
Even though scaling and similarity theory provide a tool to address this kind of limitations,
researcher’s experience plays a major role in choosing the right parameters to guarantee
a correct physical representation. Therefore, scientists have developed laboratory flumes
along with measuring instruments in order to reproduce natural processes in the laboratory
under controlled conditions. Typical laboratory flumes are straight channels furnished with
recirculating pumps. This is a convenient facility for open channel studies, where the focus
might be hydraulic measurements and non-cohesive sediment transport. However, this kind
of flumes become no longer suitable when the objective is to provide non-affected and infinite
streams to study eco-hydraulics and cohesive sediment transport. Partheniades et al. (1966)
developed the first annular flume in order to study deposition of cohesive sediments. It was
a ring-shape flume that causes a flow by the rotation of its tank and/or lid. Thus, the water
column is not disturbed by any recirculating pump. It provides a suitable environment to
study cohesive sediment, bed erosion, sediment deposition, hydraulic of curved flows, and
aquatic ecosystems.
The circular motion of the flume accelerates the mass of water in the radial direction
(centrifugal acceleration) besides the tangential direction. Thus, it causes the flow to become
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helical. Engelund (1975) and Falcon (1984) explained that the outward effect produced by
the centrifugal acceleration is counterbalanced by means of the pressure gradient and the
shear stress in the radial direction. The induced radial and vertical velocities constitute
the so called secondary flow in curve flows. It can become undesired depending on the
experiment purpose. For instance, secondary flow may affect settling velocity of suspended
particles when the vertical component reduces the falling velocity. Thus, quite a bit of effort
has been put on characterizing the secondary flow and calibrating the rotation of annular
flumes to minimize its effect on erosion/deposition experiments. Experimental, numerical,
and theoretical work have been published for a wide range of annular flume geometry since
1966.
The main objective of this work was to measure the radial and tangential velocity com-
ponents in the annular flume of the Ven Te Chow Hydrosystem Laboratory and to compare
them with the Engelund’s formulation. It was intended to understand the hydraulic of this
device and to study the validity of the Engelund’s formulation on this facility. This flume is
a 1.5-diameter flume that has been used for sediment erosion and deposition research as well
as in transport of environmental substances. To accomplish this goal an Ultrasound Velocity
Profiler (UVP-DUO) was used to measure the radial and tangential component of the flow
under several flow conditions. The UVP-DUO system was manufactured by Metflow SA. It
is capable of detecting the Doppler Shift Frequency along an ultrasound beam and correlat-
ing it with the flow velocity. The physical principle behind this instrument is the apparent
change of frequency of a wave due to the relative motion of either an observer or the source.
In order to measured the velocity profile, the system considers that particles in the fluid
moves with the same velocity as the flow. Acoustic methods conveniently allow scientists
to take measurements in dark flows such as oil or waste water. Even velocity measurements
can be taken through rigid boundaries like tank walls or pipes.
This document is divided into four more chapters: a Literature Review, Materials and
Methodology, Results and Discussion, and Final Remarks. The objective of the literature re-
2
view is to understand the most relevant aspects of the flow in annular flumes. The Literature
Review will cover two aspects: (i) a revision of previous studies conducted in annular flumes
such as experimental and theoretical work, and (ii) a revision of the governing equations for
the flow in annular flumes, Couette flow. Also, a basic description of an annular flume is pre-
sented since it became the study object of this work. Limitations and advantages are shown
as well in order to highlight capabilities of this flume. The Literature Review will go through
the most important works conducted on understand the hydraulic of annular flumes. Most
of them have been motivated by the need to calibrate the lid and tank rotation velocities
in order to minimize the secondary flow and obtain an uniform shear stress distribution at
the bottom. On the other hand, the theoretical studies have been focused on representing
mathematically the secondary flow. Then, the basic 1D and 3D Couette flow is presented
as a theoretical framework. Since the flow in annular flumes is brought by shearing at the
top and/or bottom, it was found relevant to present the governing equations for this kind of
flow. Through the Literature Review, the mathematical formulation used in this study was
derived.
The Material and Methodology chapter will focus on describing the annular flume used
in these experiments, the acoustic instrument used to measure the tangential and radial
component of the flow, and the post-processing treatment of the measured data. The Ven
Te Chow Annular Flume is a 1.5m ring-shape flume with a capacity of 370L. It consists on
three major components, the tank ensemble, the lid ensemble, the frame structure. It was
built in 2000 by Engineering Laboratory Design, Inc. Even though lid and tank can rotate
in opposite directions, the tank was kept stationary. Flow conditions varied over lid rotation
velocity of 0.5rpm to 4.0rpm and flow depth of 5.0cm to 15cm. Two transducers of 1MHz
were attached to the lid to measured the tangential and radial components of the flow. Since
the UVP-DUO is design to detect the Doppler Shift Frequency when the transducers are
stationary, some post-processing computations were needed to obtain the correct velocity
values. The Material and Methodology chapter finally presents the Engelund’s formulation
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as well as the methodology followed to compute the tangential and radial velocity profiles.
The Results and Discussion chapter will analyze the measured and computed tangential
and radial velocity profiles. Its purpose was to analyze the measured data and compare them
with the computed velocity profiles from Engelund’s formulation. The chapter is organized
in two sections: (i) the first one is devoted to analyze the measured and modeled tangential
velocity profiles, and (ii) a second section will present the measured and computed velocity
profiles in the radial direction. Thus, the validity of the formulation for the Ven Te Chow
Annular Flume can be evaluated by contrasting the measured and modeled velocity profiles.
A special effort was put on understanding flow behavior in this flume because shear velocity
is an important parameter for sediment transport experiments and it becomes a sensitive
factor in Engelund’s formulation. Shear velocity was estimated following two methodologies,
first it was determined by fitting a logarithmic profiles to the lower part of the tangential
profile; then, it was computed by following Engelund’s approach.
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Chapter 2
Literature Revision and Theoretical
Framework
2.1 Introduction
Dynamic of cohesive sediment becomes a fascinating field but still not very well understood.
Flocculation is a natural process that defines much of the transport characteristics of cohe-
sive sediments. It is the result of electro-chemical aggregation of fine-grained sediments in
suspension. Therefore, setting experiments in recirculating flumes may be truly challenging;
because pump blades would break up the flocs. It means that the flow must be induced by
other ways but pumping. Motivated by studying deposition of cohesive sediments, a ring-
shape flume was designed and built by Partheniades et al. (1966). The ring-shape or annular
flume became a device where flow is caused by rotation of the flume itself. It provided a
convenient experimental environment where the water column is not affected by recirculating
pumps.
Because of the circular shape of the annular flume, its flow is subject to centrifugal ac-
celeration. In consequence, the flow structure becomes helicoidal. The secondary currents
generated by rotation of an annular flume has been identified as a problem for deposition
and erosion experiments. Therefore, extensive studies have been conducted to characterize
and calibrate the flume rotation in order to minimize the secondary flow effect. For instance,
Booij (1994) presents an outstanding experimental work to characterize the flow in an an-
nular flume. He studied the velocity field of an annular flume with a mean radius of 1.85m
and proposed relationships for optimal flume rotation in terms of the flume geometry.
The purpose of this literature review is to understand the most relevant aspects of the flow
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in an annular flume. This chapter is divided into three sections: a revision of previous studies
conducted in annular flumes, a theoretical background about Couette flow, and a summary
of the most important findings. The first section presents a description of an annular flume
and goes through its capabilities and limitations. Thus, an analysis of advantages and
disadvantages of usage of these flumes is covered in this section. Also, it contains a review
of the experimental and theoretical studies conducted in other annular flumes. It includes
the work related to the hydraulic characterization and calibration of these type of flumes. A
theoretical framework of Couette flow is presented in the second section. Its purpose is to
provide a theoretical background of the type of flow generated in an annular flume. First, the
simple, laminar, planar 1D Couette flow is derived from the set of Navier-Stokes equations.
In reality, the flow in annular flumes becomes considerable more complex than laminar,
planar 1D flow. The helicoidal flow structure introduces an important distribution of radial
and vertical velocities. Therefore, the 3D Couette flow is drawn in this section as well.
Finally, a summary section presents the most important remarks found in the literature
review. It will be concentrated on presenting the applicability of annular flumes and its
hydraulic description. Because the major objective of this study was to measure the radial
and tangential velocity profiles of an annular flume and to compare them with a mathematical
description, the summary section will highlight such mathematical formulation.
2.2 Annular Flume
This section presents a basic description of an annular flume. Also, it discusses some ad-
vantages and disadvantages of this type of flumes and previous relevant works. Because an
annular flume became the main prototype of this project, it is pertinent to point out the
flume characteristics and mechanism that drive its flow. A literature revision of conducted
studies in an annular flume may bring insights about the state-of-the-art of its hydrody-
namic understanding. Furthermore, it will show actual limitations of annular flumes used
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in previous works as well as recommended paths to better understand its flow structure. In
a brief subsection, the main features of an annular flume will be introduced. A second sub-
section will be devoted to present advantages and disadvantages of annular flumes. Finally,
a discussion of some experimental and theoretical work conducted in this kind of flumes is
presented.
2.2.1 Description
An annular flume is a circular device designed to reproduce a three dimensional Couette flow
by rotation of its lid (see fig. 2.1). Thus, the lid shears the fluid underneath and transfers
tangential momentum into the vertical direction. This characteristic makes the annular
flume an ideal setup to study erosion, deposition, and transport of cohesive sediments. It
was initially proposed and built by Partheniades et al. (1966) to study depositional behavior
of cohesive sediments. Some other studies have used annular flumes for in situ measurements
(e.g., Amos et al., 1992b, 1992a; Maa et al., 1993; Widdows et al., 1998b, 1998a; Amos et al.,
2004) and laboratory experiments (e.g., Tait et al., 2003; Cloutier et al., 2006; Neumeier et
al., 2006; Cofalla et al., 2010; Yunwei et al., 2011; Cofalla et al., 2012; Huang et al., 2012a,
2012b). Due to the circular shape and rotating operation, the fluid is subject to centrifugal
acceleration. Such acceleration is not uniformly distributed along the transversal direction
of the cross section because tangential velocity varies with the r- and z-location. Tangential
velocity increases outwards and decreases downwards (in case of fixed bottom). Engelund
(1975) explains that this gradient of acceleration causes the flow in the annular flume to be
helical. Also, such secondary flow will generate some radial shear stress distribution in order
to compensate the difference between the pressure gradient and acceleration gradient.
To overcome any undesirable secondary flow, some studies have allowed the tank (bottom
and walls) of the annular flume to rotate independently in the opposite direction of the lid.
According to Partheniades and Mehta (1971), the secondary current produced by the lid is
canceled out by a new secondary cell generated by the tank rotation (see fig. 2.1 and 2.2).
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Lid
Water
Tank
Figure 2.1: Sketch of an annular flume.
Inner Outer
Lid
Tank
(a) Only lid rotating.
Inner Outer
Lid
Tank
(b) Lid and tank rotating.
Figure 2.2: Secondary cells formed by only lid rotation and both lid and tank rotation.
Therefore, studies have been concentrated to find the optimal combination of lid and tank
rotation in order to minimize the secondary flow and/or obtain an uniform distribution of
tangential bed shear stress (e.g., Booij et al., 1993; Krishnappan, 1993; Petersen & Krish-
nappan, 1994; Cantero et al., 2004; Te Slaa, 2012). However, note that conveniently annular
flumes may also provide a suitable prototype of curved flows (e.g. river bends). It may be
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argued that helicoidal flow structure would represent the hydrodynamic behavior of curved
channels. Accordingly, annular flumes with mobile beds have been used to study scour for-
mation, large-scale bedforms and flow structure of curved streams (Gibson & Cook, 1974;
Engelund, 1975; Falcon, 1979; Corney et al., 2006). To summarize some annular flumes
used worldwide, table 2.1 shows the geometry and rotation characteristics of some relevant
studies with annular flumes; where Rin is inner radius, Rout outer radius, W is width, and
D is depth.
Table 2.1: Summary of annular flumes used in: experimental and in situ work.
Ref. Rin [m] Rout [m] W [m] D [m] Lid Tank Location
Partheniades
et al. (1966);
Partheniades
and Mehta
(1971)
0.36 0.46 0.10 0.31 Rotate Rotate
Massachusetts
Institute of
Technology (USA)
Kuenen (1966) 0.43 0.60 0.17 0.30 Rotate Fixed
University of
Groningen
(Netherlands)
Kato and
Phillips
(1969);
Kantha et al.
(1977)
0.53 0.76 0.23 0.28 Rotate Rotate
The John Hopkins
University (USA)
Engelund
(1975)
0.80 1.00 0.20 0.05 Rotate Fixed
Technical University
of Denmark
(Denmark)
Mehta and
Partheniades
(1982)
0.65 0.85 0.21 0.46 Rotate Rotate
University of Florida
(USA)
Amos et al.
(1992b, 1992a,
2004)
0.93 1.07 0.15 0.30 Rotate Fixed
Geological Survey of
Canada (Canada)
Graham et al.
(1992)
2.60 3.00 0.40 0.35 Rotate Fixed
University of
Plymouth (UK)
Booij et al.
(1993); Booij
(1994)
1.70 2.00 0.30 0.47 Rotate Rotate
Delft University of
Technology
(Netherlands)
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Table 2.1 Continued: Summary of annular flumes used in: experimental and in situ work
Ref. Rin [m] Rout [m] W [m] D [m] Lid Tank Location
Krishnappan
(1993);
Petersen and
Krishnappan
(1994);
Krishnappan
and Engel
(2004)
2.35 2.65 0.30 0.30 Rotate Rotate
National Water
Research Institute
(Canada)
Yang et al.
(2000)
0.46 0.88 0.42 0.40 Rotate Rotate
Center of Coastal
Land-Margin
Research (USA)
Maa et al.
(1993)
1.00 1.15 0.15 0.20 Rotate Fixed
Virginia Institute of
Marine Science
(USA)
Briskin et al.
(2002);
Pedocchi
(2005)
0.55 0.75 0.20 0.40 Rotate Rotate
Ven Te Chow
Hydrosystem
Laboratory (USA)
Tait et al.
(2003)
0.90 1.10 0.20 0.30 Rotate Rotate
Delft University of
Technology
(Netherlands)
Cloutier et al.
(2003, 2006)
0.85 1.00 0.15 0.45 Rotate Fixed
Geological Survey of
Canada (Canada)
Neumeier et
al. (2006)
0.85 1.00 0.15 0.46 Rotate Fixed
Southampton
Oceanography
Centre (UK)
Pope et al.
(2006)
0.22 0.32 0.10 0.35 Rotate Fixed
Plymouth Marine
Laboratory (UK)
Cofalla et al.
(2010, 2012)
1.50 1.75 0.25 0.18 Rotate Rotate
Institute of
Hydraulic
Engineering and
Water Resources
Management
(Germany)
Yunwei et al.
(2011)
0.54 0.75 0.21 0.41 Rotate Rotate
Nanjing University
(China)
Huang et al.
(2012b)
0.30 0.44 0.14 0.14 Rotate Fixed
Chinese Academy of
Science (China)
2.2.2 Advantages and Disadvantages
The objective of this subsection is to highlight some of the most relevant advantages and
disadvantages of using annular flumes. Thus, some limitations and prospective future work
might be identify through this analysis. Being aware of advantages and disadvantages of
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annular flumes is important to motivate improvements on this device. Also, it might be an
opportunity of explore new applications for annular flumes. The following list shows the
most significant advantages and disadvantages of annular flumes found in literature:
1. Advantages:
(a) It provides an ideally infinite flow with fully developed boundary layer.
(b) Because the flow is driven by the moving lid (and/or moving tank), annular flumes
do not experience flow entrance effects.
(c) Unaffected flow by pump blades makes annular flumes ideal to study biogeochem-
ical sediment-flow interaction.
(d) In cohesive sediment studies, aggregate structures are only affected by flow dy-
namic, mainly by fluid stresses.
(e) Bed shear stress is uniform in the tangential direction because of the ideal infinite
flow condition.
(f) Shear stress distribution in the vertical direction is uniform as well.
2. Disadvantages:
(a) Unbalance between pressure gradient and centrifugal acceleration in the radial
direction generate secondary currents.
(b) In consequence, secondary currents produce uneven radial distribution of bed
shear stress.
(c) Vertical component of secondary currents affects the settling velocity; i.e. it may
be significant in resuspension and deposition studies.
Taking into consideration the advantages and disadvantages of annular flumes, it may be
argued that these flumes can be used to represent natural environments. Once the secondary
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flow is minimized, annular flumes become a versatile device to reproduce straight and curved
flows. For instance, curved channels become the most obvious application of annular flumes
considering its ring-shape. On the other hand, unaffected flow by recirculation pumps allows
researchers to establish temporal aquatic ecosystems in these devices. Even under stratified
flow conditions (e.g. fresh and sea water), annular flumes have been used to study turbulence
interaction at the interface between two stratified flows.
Annular flumes can be use to study curved flows like bends in meandering rivers. Straight
channels are less common than meandering streams in nature. Then, annular flumes are
suitable prototypes to study large-scale bedforms in curve flows and its instability (e.g.,
Gibson & Cook, 1974; Engelund, 1975). After calibration (lid and tank rotation speed),
curved and helical flow might be generated over a wide range of flow velocity. Even though
annular flumes are limited by having a single curvature radius, dimensional analysis and
similarity theory can help researchers in understanding multiple conditions.
Once secondary currents are minimized, the hydraulic behavior of annular flumes may
resemble that of flows in straight channels. Therefore, these flumes can reproduce natural
streams adequately. For instance, in order to understand the hydro- and bio-dynamic of
toxics under flow events, Cofalla et al. (2010) replicated an aquatic ecosystem in an annular
flume. They studied the interaction between sediment, hydrodynamic, water quality, and
aquatic organisms (fish). Since recirculation pumps are not needed, ideally infinite straight
flows are reproducible only by lid/tank rotation; therefore, physical models of aquatic ecosys-
tems are capable of being simulated in annular flumes. Note that even the behavior of
contaminated sediments can be studied in this kind of facility because it provides a well
controlled closed system.
Interaction of interface between stratified flows have been studied in annular flumes
before. Kato and Phillips (1969) and Kantha et al. (1977) studied the behavior of turbulence
at the interface of a stratified flow using an annular flume. Stratified flows are common
in nature; they are characterized by sharp gradients of density between two fluids. Such
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condition can be caused by salinity, temperature, or sediment concentration (M. H. Garcia,
1996). Because of the large density difference, they mix with each other at a considerable
low rate; therefore, one fluid may flow practically independently of the other. Due to the
advantage of no recirculation pump, interaction at the interface of stratified flows can be
studied in annular flumes. Thus, sediment resuspension, deposition, and transport under
stratified flow conditions seems to be a prospective research path for application of this
device.
2.2.3 Previous Studies
This subsection presents a review of some relevant experimental and theoretical work con-
ducted in annular flumes. Experimental work is related to the hydraulic characterization of
annular flumes: flume calibration and bed shear stress. On the other hand, the theoretical
work presents the theoretical development of Engelund (1975) for tangential and radial ve-
locities in an annular flume. Additionally, this part is complemented with some annotations
made by Falcon (1984) about secondary flows in a curved open channel.
Experimental Work
Since 1971, a quite large amount of effort have been put into experimentally characterizing
the complex three-dimensional flow in annular flumes (e.g., Graham et al., 1992; Krishnap-
pan, 1993; Booij et al., 1993; Booij, 1994; Petersen & Krishnappan, 1994; James et al.,
1996; Yang et al., 2000; Krishnappan & Engel, 2004; Cantero et al., 2004; Pedocchi, 2005;
Pope et al., 2006; Hillebrand & Olsen, 2010; Te Slaa, 2012). Some other work has been
conducted on studying erosion, transport, and deposition of both cohesive and non-cohesive
sediments using annular flumes (Kuenen, 1966; Partheniades et al., 1966; Kato & Phillips,
1969; Partheniades & Mehta, 1971; Kantha et al., 1977; Mehta & Partheniades, 1982; Vil-
laret & Paulic, 1986; Sheng, 1989; Amos et al., 1992b; Tait et al., 2003; Cloutier et al., 2006;
Neumeier et al., 2006; Yunwei et al., 2011). Even, bio-ecological studies have been carried
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out in annular flumes as well (Widdows et al., 1998a, 1998b; Briskin et al., 2002; Cofalla et
al., 2010, 2012; Huang et al., 2012a, 2012b).
Hydraulic characterization of the three-dimensional flow structure of annular flumes have
been motivated by the need of minimizing the secondary flow and obtaining uniform dis-
tribution of bed shear stress at the bottom. By the optimal combination of lid and tank
rotational speed, several studies have demonstrated that the two generated secondary cells
may cancel each other out (e.g., Partheniades et al., 1966; Partheniades & Mehta, 1971;
Krishnappan, 1993; Booij et al., 1993; Cantero et al., 2004; Te Slaa, 2012). With respect to
the ”optimal” lid-tank rotation, two positions were found in the literature. The first position
considers that only one calibration curve is enough to minimize undesirable secondary flows
and obtain uniform distribution of bed shear stress. Differently, other studies affirm that
there must be two calibration curves depending on the experiment’s purpose. For example,
erosion experiments would required as much uniform bottom shear stress as possible; whilst,
secondary flow have to be the minimized for deposition experiments. The later position
suggests that both calibration curves, the one for erosion and the one for deposition studies,
are not necessarily the same.
Studies, like those by Krishnappan (1993), Partheniades et al. (1966) and Petersen and
Krishnappan (1994), assume that a unique calibration curve is enough to reproduce accept-
able flow conditions to investigate cohesive sediments. They consider that once the tangential
bed shear stress is uniformly distributed in the transversal direction any secondary current
practically vanishes. Thus, two subjective and qualitative criteria came out. The first cal-
ibration criteria was proposed by Partheniades et al. (1966) and Partheniades and Mehta
(1971). They argued that the minimum secondary flow and uniform distribution of bed shear
stress is achieved when sediments deposit along the center line of the flume. Partheniades
et al. (1966) noted that when the tank was stationary and the lid rotated, some plastic
beads deposited along the inner wall of the tank. Contrary, when the lid was stationary
and the tank rotated the beads deposited along the outer wall. Intuitively, they stated that
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secondary flows are minimized when the plastic sediments deposit along the center line of
the flume. Krishnappan (1993) also proposed a qualitative criteria to find a calibration
curve. He measured the vertical distribution of tangential velocities and bed shear stress
in the cross section using a Laser Doppler Velocimeter and a Preston tube. By subjective
evaluation, this study found that the secondary flow is mitigated under conditions of signif-
icant uniform distribution of tangential bed shear stress. Petersen and Krishnappan (1994)
suggested a method to quantify the intensity of the secondary current. They stated that a
secondary current may be controlled by minimizing the specific kinematic energy over the
cross-sectional area. Thus, Petersen and Krishnappan (1994) defined such specific energy
as:
Ec =
1
A
∫
A
(
v2r + v
2
z
)
dA (2.1)
Where, Ec is the specific kinetic energy, A is cross-sectional area, vr is the radial component
of flow velocity, and vz is the vertical component of flow velocity.
Cantero et al. (2004) presented a literature review where they highlighted the criteria
used to calibrate annular flumes. They pointed out that the nature of the study in the
flume will determine such criteria. Similar to Booij et al. (1993) and Spork et al. (1994),
Cantero et al. (2004) stated that two calibration curves must be provided: one for bed
erosion experiments and another for sediment deposition experiments. In both erosion or
resuspension experiments, on attempt should be made to generate the most uniform distri-
bution of bed shear stress. Thus, preferential scour would be avoided and erosion would be
ideally uniform in the radial direction. On the other hand, secondary currents may affect
the deposition behavior of sediments. For instance, settling velocity might be hindered when
the vertical component of the secondary flow is strong enough to lower the fall velocity of
particles. Booij et al. (1993) conducted velocity measurements using a Laser Doppler Ve-
locimeter in an annular flume. He found that even under the optimal condition of lid-tank
rotation, vertical component of secondary currents may equal the order-of-magnitude of silt
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settling velocity. Yang et al. (2000) also agreed that two calibration curves are necessary.
Thus, they proposed two criteria to determine the secondary flow strength: (i) the ratio of
secondary flow kinetic energy to the kinetic energy of the tangential flow (see eq. 2.2a) and
(ii) the ratio of the maximum secondary flow velocity to the maximum tangential velocity
(see eq. 2.2b).
RKE =
∫
A
(v2r + v
2
z) dA∫
A
v2θdA
(2.2a)
RV =
max
(√
v2r + vz
)
max (|v2θ |)
(2.2b)
Even though they stated that two calibration curves are needed to study erosion and deposi-
tion separately, no criteria has been proposed to determine the uniformity of shear velocity.
Only Cantero et al. (2004) proposed two methods to estimate mean bed shear stress as
function of the experiment nature (erosion or deposition).
Measuring shear stress applied by a fluid does not become an easy task in most cases.
It was found in literature that some studies have focused on estimating numerically the
bed shear stress and comparing it with laboratory measurements (e.g. Graham et al., 1992;
Krishnappan & Engel, 2004). Preston tubes and hot-film probes have been used to measured
directly local shear stress. Graham et al. (1992) numerically modeled the flow velocity
field and shear stress in an annular flume using HARWELL-FLOW3D. Furthermore, they
measured the bed and wall shear stress with hot-film probes. Indirect estimation of bed
shear stress have been carried out as well. For example, Pope et al. (2006) evaluated the bed
shear stress in an annular flume by means of the turbulent kinetic energy. In addition, they
analyzed the advantages and disadvantages of using other indirect methods; such as law of
the wall and Reynold stress methods.
It was notable that there is no unique definition for a characteristic mean bed shear stress
in an annular flume. Bed shear stress have been defined in terms of the force applied by the
lid/tank, as the surface-average of the shear stress variation along the physical boundaries,
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and through empirical relationships. Graham et al. (1992) proposed a method to relate the
shear stress and the eroded contours of the bed. They were interested on the shear stress at
the bottom and walls of the flume; thus, they reported shear stress in terms of the torque
impinged by the lid as follows:
M = 2pi
∫ s=s1
s=s0
r2τw(s)ds (2.3)
where M is the torque on the wall of interest, τw is the tangential component of the wall
shear stress, s is measured along the wall of interest, s0 and s1 are inside and outside (or
top and bottom) boundaries of the wall, and r is the radial location. Following a similar
approach, Cantero et al. (2004) found in their literature review that mean bed shear stress
has been reported as the summation of the surface-averaged shear stress of bed and walls.
For instance, Partheniades et al. (1966) defined the bed shear stress in an annular flume as:
τb =
1
2D +B
[∫ D
0
τw(Rin, z)dz +
∫ Rout
Rin
τw(r, 0)dr +
∫ D
0
τw(Rout, z)
]
(2.4)
where τb is bed shear stress, D is water depth, B is flume width, τw is shear stress as function
of r and z, Rin is inner radius, and Rout is outer radius. On the other hand, Petersen and
Krishnappan (1994) defined bed shear stress as:
τb =
∫ Rout
Rin
3r3
R3out −R3in
τw(r, 0)dr (2.5)
Finally, Cantero et al. (2004) proposed two criteria to compute bed shear stress according
to the nature of the experiment. For erosion experiments, they stated that bed shear stress
has to be represented by the average shear stress only at the bottom:
τb =
∫ Rout
Rin
2r
R2out −R2in
τw(r, 0)dr (2.6)
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Meanwhile, bed shear stress for deposition experiments has to consider the effect of the four
walls:
τb =
1
(Rout −Rin)D +R2out −R2in
[
Rin
∫ D
0
τw(Rin, z)dz +Rout
∫ D
0
τw(Rout, z)dz
+
∫ Rout
Rin
rτw(r, 0)dr +
∫ Rout
Rin
rτw(r,D)dr
] (2.7)
In an extensive experimental work, Booij (1994) proposed an empirical relationship to esti-
mate bed shear stress once the optimal conditions are achieved.
τb = 0.1
(
1.64ωB + 3.89
ct
)2
(2.8)
where ωB is the bottom (tank) rotation speed (rpm) and ct is an empirical constant. Booij
(1994) stated that ct was equal to 25. Even though empirical formulations tend to be limited
to a narrow range of conditions; this one turns out to be remarkable because it collapses the
bottom shear stress into a single equation based on the optimal lid rotation. Later, Te Slaa
(2012) published a technical report where they calibrated the average bed shear stress of a
0.35m-mean-radius annular flume. They followed most of the relationship developed by Booij
(1994). Under the optimal lid to tank rotation combination, they estimated and calibrated
the bed shear stress according to equation 2.8, Te Slaa (2012) found that ct = 8.42. Using
the Shields diagram and varying the mean grain size of the granular bed, Te Slaa (2012)
could estimate an actual bed shear stress. Based on this experimental comparison, Te Slaa
(2012) empirically modified equation 2.8 into:
τb = 0.1
(
1.64ωB + 3.88
8.42
)2
− 0.0183 (2.9)
Bed roughness plays a major role in the magnitude of shear stress. Numerically and
experimentally studies like Krishnappan and Engel (2004) and Pope et al. (2006) have in-
vestigated the effect of bed roughness on bed shear stress. Krishnappan and Engel (2004)
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studied the bed shear stress in an annular flume numerical using the PHOENIC CFD soft-
ware and experimentally with a Preston tube. They found two major differences on the
bed shear stress behavior as function of the roughness. First, the flow was found to be
two-dimensional at the center of the flume with a fairly well distributed tangential shear
stress for smooth bed. On the other hand, bed shear stress was skewed toward the inner
radius of the flume. Through numerical modeling, they found that the skewness in bed shear
stress can be counteracted by increasing the lid roughness. They were interested on shear
stress only at the bottom of the flume. Pope et al. (2006) found that there is a non-linear
relationship between bed shear stress and current velocity for rough sediments. Contrary to
rough beds, smooth sediment beds showed a linear relationship with the velocity gradient,
”enabling estimation of bed shear stress from velocity alone”. The objective of this study
was to compare bed shear stress and erosion of identical sediments in situ and laboratory.
Theoretical Work
This part of the literature review is based on the theoretical work developed by Engelund
(1975) and Falcon (1984) in secondary flow in curved channels. Specifically, it will present the
derivation of radial and tangential velocity distribution proposed by Engelund (1975). Such
derivation is relevant for this thesis because it was derived for an annular flume. Even though
Falcon (1984) addressed curved flows under open channel conditions, he brought pertinent
insights with regards to secondary flows. Finally, this part will conclude presenting the two
mathematical formulations for radial and tangential vertical distribution of velocity.
In a technical review presented byFalcon (1984) in the Annular Review of Fluid Mechan-
ics, he nicely explains how secondary flows are generated as consequence of the curvature of
the main flow. Curved flows are subject of centrifugal accelerations, v2θ/r. In open channels,
the streamwise flow velocity becomes zero and the maximum at the very bottom and near
or at the surface, respectively. Therefore, at a fixed r-location the centrifugal force varies
along the water depth. The case of an annular flume with fixed bottom is not much differ-
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ent. Theoretically, the flow velocity is zero at the bottom and equals the lid rotation at the
lid elevation. It implies that likely centrifugal acceleration will vary along the water depth
for a certain radial location. By definition, the centrifugal acceleration will bring water to-
wards the outer part of the curve. Falcon (1984) states that ”therefore, a second principal
radial force is due to the radial pressure gradient ∂p/∂r”. This phenomenon leads to the
superelevation of the water surface for open channels. If the pressure is assumed to be hy-
drostatic, it will be constant for a certain r-location. It implies that the net radial force will
be negative at a certain flow depth because the centrifugal acceleration is significant variable
along the water depth while the radial pressure gradient remains constant. Falcon (1984)
and Engelund (1975) agreed that the difference between v2θ/r and ∂p/∂r is balanced by the
vertical gradient of radial shear-stress ∂τr/∂z and the convective inertial force ρvθ∂vr/r∂θ.
Under steady-state conditions the flow in an annular flume becomes uniform in the
tangential direction. Through a simplified radial dynamic equation, Engelund (1975) stated
that the flow can be described in polar coordinates as follows:
τb
ρ
= 
∂vθ
∂z
(2.10a)
−v
2
θ
r
= − ∂
∂r
(gh) +
∂
∂z
(

∂vr
∂z
)
= −g∂h
∂r
+
∂
∂z
(
τr
ρ
)
(2.10b)
Where τb is bed shear stress, ρ is fluid density,  is eddy viscosity, vθ is tangential compo-
nent of flow velocity, z is elevation, r is radial location, g is gravitational acceleration, h is
piezometric level, vr is radial component of flow velocity, and τr is the radial component of
shear stress. Engelund (1975) explains that equation 2.10a implies that the bed shear stress
is invariant along the water depth as it is transferred from the moving lid to the bottom. On
the other hand, equation 2.10b expresses that the difference between the pressure gradient
(g∂h/∂r) and the centrifugal acceleration (v2θ/r) is balanced by means of the radial compo-
nent of shear stress. The aforementioned equations consider that h/R  1 and h/B  1.
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Such conditions allowed Engelund (1975) and later Falcon (1979) to apply a log-law and
power-law velocity distribution, respectively. Engelund (1975) did not assume a constant
scalar eddy viscosity ; instead, he considered the Reichardht (1959) expression to define the
eddy viscosity  for a Couette flow as follows:
 = κu∗z(1− z/h) (2.11)
Where κ is the Von Karman constant (0.40) and u∗ is the shear velocity. Bed shear stress
τb was defined as:
τb = ρu
2
∗ (2.12)
By replacing the definition of eddy viscosity and bed shear stress into equation 2.10a and
integrating, Engelund (1975) found the tangential velocity follows a logarithmic distribution
(see eq. 2.13).
vθ
u∗
=
1
κ
ln
ζ
1− ζ + C (2.13)
Where ζ is z/h and C is an integration constant. For a hydraulically rough turbulent flow,
tangential velocity vθ vanishes at z = kB/30; where kB is the equivalent sand roughness
height of the bottom. It leads equation 2.13 to:
vθ
u∗
=
1
κ
ln
ζ
1− ζ +
1
κ
ln
30h
kB
(2.14)
Furthermore, considering that the lid rotates with an angular velocity ΩT and also that flow
velocity vanishes at z = h− kT/30 (kT is lid roughness height); equation 2.13 becomes:
rΩT
u∗
=
1
κ
(
ln
30h
kT
+ ln
30h
kB
)
(2.15)
Engelund (1975) pointed out that through equation 2.15 shear velocity and bed shear stress
can be estimated by means of the angular velocity of the lid. In order to solve for the radial
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component of shear stress τr, equation 2.14 (vθ = u∗f(ζ)) is replaced into equation 2.10b
and integrated as follows:
τr
ρh
= −u
2
∗
r
∫ ζ
0
f 2(ξ)dξ + ζg
∂h
∂r
+ C (2.16)
Where C is an integration constant. To solve for the radial component of flow velocity vr,
Engelund (1975) introduced the following expression,
τr
ρ
= κu2∗ζ(1− ζ)
∂vr
∂ζ
(2.17)
Note that equation 2.17 comes from replacing equation 2.11 into equation 2.10a for the radial
component. Replacing equation 2.17 into equation 2.16 and integrating it was found that,
κvr
u2∗
= −h
r
F (ζ)− gh
u2∗
dh
dr
ln(1− ζ) + Ch
u2∗
ln
ζ
1− ζ + C1 (2.18)
Where C1 is an integration constant and F becomes:
F (ζ) =
∫ ζ
0
dξ
ξ(1− ξ)
∫ ξ
0
f 2dξ (2.19)
Engelund (1975) used two boundary conditions to find the integration constants C and C1.
First, he applied the approximation proposed by Rozovskii (1957) for rough walls:
τr
τb
=
vr
vθ
(2.20)
Thus, after some manipulations it was found that:
C1 =
Ch
u2∗
ln
30h
kB
(2.21)
On the other hand, instead of considering a rough boundary at the lid, a smooth wall was
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assumed at the top boundary. Rozovskii (1957) and Kikkawa et al. (1976) found that τr is
negligible at ζ = 1 for a smooth boundary (Falcon, 1984); leading to the following,
C =
u2∗
r
∫ 1
0
f 2(ζ)dζ − gdh
dr
(2.22)
Finally, the unknown piezometric gradient dh/dr was determined by Engelund (1975) as-
suming that the net radial flow at a certain r-location is zero:
∫ 1
0
vrdζ = 0 (2.23)
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Figure 2.3: Dimensionless velocity distributions according to Engelund (1975).
Radial velocity distribution was developed from a logarithmic distribution of tangential
velocity (see eq. 2.14). Motivated by avoiding the singularity solution of the log-law distri-
bution at z = 0, Falcon (1979) proposed another velocity distribution for secondary flows
considering a power-law approach for the main flow. Under open channel conditions, he
considered that the tangential velocity follows the power-law distribution. Falcon (1979)
employed the Darcy-Weisbach friction factor of the bed to estimate the exponent n of the
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velocity formulation:
n = 1/
√
f (2.24)
Thus, the smoother bed, the larger value of n. Contrary to Engelund (1975), Falcon (1979)
estimated the eddy-diffusion coefficient from a simplified Boussinesq expression. Then, fol-
lowing the same solution procedure of Engelund (1975) and considering vθ = 0 at z = 0, the
integration constants were determined in the Falcon (1979) formulation.
−8 −6 −4 −2 0 2 4 6 8 10
0
0.2
0.4
0.6
0.8
1
rh−1vr/rωT
z/
h
n = 0.25
n = 0.50
n = 0.75
Figure 2.4: Dimensionless radial velocity for several bed rouhgness according to Falcon
(1979).
2.3 Couette Flow
In this section, the basic 2D and 3D Couette flow governing equations are presented in a
planar and polar framework system, respectively. It was found important to show them
because the Couette flow is the driving mechanism in an annular flume. The first part
introduces the Navier-Stokes equations and goes through the solution of a 2D planar Couette
24
flow. Afterwards, the governing equations for a 3D polar Couette flow are shown. The
differences with the simplified dynamic equations proposed by Engelund (1975) and Falcon
(1979), are remarkable. The later neglects most of the inertial terms in the polar Navier-
Stokes equations.
2.3.1 Basics of 2D planar Couette flow
A simple Couette flow is a 2 dimensional flow driven by shearing fluid with an infinitely long
and wide plate (Spurk & Aksel, 2008). Consider certain fluid at rest between two infinitely
long and wide plates as shown in figure 2.5a. No slip condition implies that any viscous fluid
touching a surface will stick to that surface; i.e. the fluid will have the same velocity of such
surface. If the upper plate is moving to the right with a certain velocity U (see fig. 2.5b), the
fluid right below the plate will move accordingly. Because the lower plate has zero velocity,
the flow velocity in between necessarily must adjust itself to a certain velocity distribution
such as u(0) = 0 and u(D) = U . Considering a partition of the flow into infinitesimal layers
dz-thickness; all the upper layers will have a larger velocity than the fluid layer immediately
below (see fig. 2.5c). It means that all the upper layers will exert shear stress on the lower
fluid layer due to the velocity difference. In other words, x-momentum is transferred from
the moving plate above through the water column as shear stress.
Following Newton’s second law, the Navier-Stokes equations express the momentum bal-
ance in a infinitesimal control volume of incompressible fluid (see eq. 2.25a to 2.25c).
∂u
∂t
+ u
∂u
∂x
+ v
∂u
∂y
+ w
∂u
∂z
= −1
ρ
∂p
∂x
+ ν
(
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2
)
+ gx (2.25a)
∂v
∂t
+ u
∂v
∂x
+ v
∂v
∂y
+ w
∂v
∂z
= −1
ρ
∂p
∂y
+ ν
(
∂2v
∂x2
+
∂2v
∂y2
+
∂2v
∂z2
)
+ gy (2.25b)
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Figure 2.5: 2D planar Couette flow.
∂w
∂t
+ u
∂w
∂x
+ v
∂w
∂y
+ w
∂w
∂z
= −1
ρ
∂p
∂z
+ ν
(
∂2w
∂x2
+
∂2w
∂y2
+
∂2w
∂z2
)
+ gy (2.25c)
Where u, v, and w are the streamwise, lateral, and vertical components of flow velocity,
respectively; ρ is fluid density; p is pressure; gx, gy, and gz are the streamwise, lateral, and
vertical components of the gravitational acceleration, respectively; and x, y, and z are the
streamwise, lateral, and vertical coordinates, as well; and t is time. The physical meaning
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of equations 2.25a to 2.25c:
∂ui
∂t
: Time rate of change of momentum per unit mass
1
ρ
∂p
∂xi
: Pressure force per unit mass
uj
∂ui
∂xj
: Net convective inflow of rate of momentum (Inertial force) per unit mass
ν
∂2ui
∂x2j
: Net diffusive inflow rate of momentum (Viscous force) per unit mass
gi : Gravitational acceleration
(2.26a)
Since the 2D planar Couette flow implies uniformity along the y axis, all the derivative with
respect to y becomes zeros in equations 2.25a to 2.25c. There is no flux along y and z
because the drive force is only applied by the upper plate in the x direction. Thus, flow
velocity components v and w become zero as well. Equations 2.25a to 2.25c turn into:
∂u
∂t
+ u
∂u
∂x
+



v
∂u
∂y
+
 
 
 
w
∂u
∂z
= −1
ρ
∂p
∂x
+ ν
(
∂2u
∂x2
+


∂2u
∂y2
+
∂2u
∂z2
)
+ 0 (2.27a)
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 
 
u
∂w
∂x
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 
 
 
v
∂w
∂y
+
 
 
 
w
∂w
∂z
= −1
ρ
∂p
∂z
+ ν
(
 
 
 ∂2w
∂x2
+


∂2w
∂y2
+
 
 
 ∂2w
∂z2
)
+ g (2.27c)
Therefore:
∂u
∂t
+ u
∂u
∂x
= −1
ρ
∂p
∂x
+ ν
(
∂2u
∂x2
+
∂2u
∂z2
)
(2.28a)
1
ρ
∂p
∂z
= g (2.28b)
Note that fluid was considered incompressible by taking the density to be constant. Equation
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2.28b is solved for p by integration as follows,
dp = gρdz (2.29a)
∫
dp = gρ
∫
dz (2.29b)
p = gρz + C (2.29c)
When z = 0, p = p0:
p0 = gρ ∗ 0 + C ∴ C = p0 (2.29d)
p(z) = gρz + p0 (2.29e)
According to equation 2.29e, pressure in a 2D planar Couette flow is hydrostatic; i.e. is only
function of z. On the other hand, continuity equation of an incompressible fluid states that
the divergence of the velocity field is equal to zero:
∂u
∂x
+
∂v
∂y
+
∂w
∂z
= 0 (2.30)
Since v and z are equal to zero, the continuity equation is reduced to equation 2.31, i.e. the
flow is uniform in the streamwise direction.
∂u
∂x
= 0 (2.31)
Momentum balance equation of the 2D planer Couette flow under steady-state conditions
may be written, taking into consideration that ∂u/∂x = 0 and p is only function of z as
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following:
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
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 
 
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 
  −1
ρ
∂p
∂x
+ ν
(


∂2u
∂x2
+
∂2u
∂z2
)
(2.32a)
0 = ν
∂2u
∂z2
(2.32b)
Because the kinematic viscosity ν cannot be equal to zero:
C =
∂u
∂z
(2.32c)
So that, u increases linearly with z-elevation. Considering that u(0) = 0 and u(D) = U ,
u = U
z
D
(2.32d)
By definition, ∂u/∂z is the shear strain rate. It expresses the angular velocity deformation
of a sheared fluid. In Newtonian fluids, like water, there is a linear connection between the
shear strain rate and the shear stress. Such proportionality constant is the dynamic viscosity
µ = ν ∗ ρ. Therefore, equation 2.32c becomes,
τ
ρ
= ν
∂u
∂z
= ν
U
D
(2.33)
Where τ is shear stress, ρ is fluid density, and ν is kinematic viscosity. Recall that in the
fluid layers analogy (see fig. 2.5c), all the upper layers exert shear stress on the lower layer
of fluid beacuse of the veloctiy gradient. Fluid shear stress in Couette flow is constant in the
vertical since the velocity gradient is constant. Equation 2.32c shows that a constant scalar
is transfered along the fluid depth; such scalar becomes the shear stress over fluid density
transferred from the moving plate.
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2.3.2 Basics of 3D polar Couette flow
Consider a resting fluid in an annular section confined by two plates as shown in figure 2.6a;
a polar reference framework is used conveniently to describe its hydrodynamic behavior. At
certain elevation z = D, the fluid is sheared by the upper plate following a circular motion
(see fig. 2.6b). The tangential velocity of the lid will vary with the radial coordinate as
function of the angular velocity:
vT = ΩT r (2.34)
Where vT is the tangential velocity of the lid and ΩT is the angular velocity. Due to the no
slip condition the fluid velocity at z = D will have have the same tangential velocity as the
lid. Considering that the bottom is fixed, the tangential velocity of the fluid will be zero at
z = 0.
(a) Fluid in rest. (b) Moving lid.
Figure 2.6: Three-dimensional Couette flow.
Considering the angular velocity ΩT constant and incompressible fluid, the flow becomes
steady and the derivative with respect to θ become zero in the Navier-Stokes equations. Booij
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(1994) presents the following set of governing equations for a three-dimensional Couette flow
in an annular flume:
∂
r∂r
(rvθvr) +
∂
∂z
(vθw) +
vθvr
r
= ν
(
∂2vθ
∂r2
+
∂vθ
r∂r
+
∂2vθ
∂z2
− vθ
r2
)
+ gθ (2.35a)
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= −1
ρ
∂p
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∂r2
+
∂vr
r∂r
+
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∂z2
− vr
r2
)
+ gr (2.35b)
∂
r∂r
(rvrw) +
∂
∂z
(w2) = −1
ρ
∂p
∂z
+ ν
(
∂2w
∂r2
+
∂w
r∂r
+
∂2w
∂z2
)
+ gz (2.35c)
Booij (1994) pointed out that the appropriate boundary conditions at the lid are:
vθ(r,D) = rΩT (2.36a)
vr(r,D) = w(r,D) = 0 (2.36b)
On the other hand, when the bottom in fixed, they become:
vθ(r, 0) = vr(r, 0) = w(r, 0) = 0 (2.37)
Along the Engelund (1975)’s derivation, it was stated that the tangential momentum is
transferred by the moving lid in the water depth and radial shear stress results from the
imbalance between centrifugal force and pressure gradient. However, note that some other
inertial terms were not considered in the simplified dynamic equation of Engelund (1975)
and Falcon (1979). Falcon (1984) explained that their dynamic equations may reproduce
the hydrodynamic of main and secondary flows for weakly curved and wide.
31
2.4 Summary
This literature review revised the following points: (i) a basic description of an annular flume,
(ii) advantages and disadvantages of using annular flumes, (iii) some previous experimental
and theoretical work, and (iv) basis of 2D and 3D Couette flow. An annular flume is a ring-
shape flume that generates a three dimensional Couette flow by rotation of its lid and/or
itself. Motivated by studying cohesive sediment deposition, it was proposed and built as
an annular flume by Partheniades et al in 1966. Due to the centrifugal force, the flow
develops a secondary current; therefore, the flow in the annular flume becomes helicoidal.
To mitigate the undesirable secondary current, some authors have proposed to rotate the
lid and the bottom (tank) independently in opposite directions. Once the secondary flow in
minimized, the hydrodynamics in the annular flume may represent an infinite and straight
flow. In consequence, annular flumes become a versatile device to reproduce natural streams
such as aquatic ecosystems. Furthermore, it was found that annular flumes can be used
as prototypes to study stratified flows and bed evolution under curved flows. Even though
the secondary current is minimized, studies point out that it may scale back the deposition
velocity of sediments. It implies that settling experiments should be conducted being aware
of such fact.
Besides the studies that use annular flumes, an important amount of effort has been
put into characterizing the hydraulic of annular flumes. Motivated by minimizing the sec-
ondary flow and obtaining uniform distribution of bed shear stress at the bottom, most
of the hydraulic characterization was focused on the calibration of the flume; i.e. finding a
combination of lid and bottom rotation speed that minimized the secondary current. Several
studies demonstrated that simultaneous rotation of lid and bottom generates two secondary
cells that may cancel each other out. Thus, it was found in literature that there are two
positions regards to the calibration criteria. The first one proposes that a unique calibra-
tion curve is needed regardless of the purpose of the experiment (bed erosion or suspended
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sediment deposition). It considers that once the tangential bed shear stress is uniformly
distributed in the transversal direction any secondary current practically vanishes. On the
other hand, the second position claims that two calibration curves are needed, one for bed
erosion and another for suspended sediment deposition. The earlier should produce a uni-
form bed shear stress along the cross section; whilst the second calibration curve should
minimize the strength of the secondary flow.
In order to make a measurement of the secondary flow strength and bed shear stress,
it was found that there are several methodologies as well. To estimate the intensity of the
secondary current, three criteria have been proposed: (i) the specific energy of the secondary
current (expressed in terms of the vertical and radial component of the flow), (ii) the ratio of
secondary flow kinetic energy to the kinetic energy of the tangential flow, and (iii) the ratio
of the maximum secondary flow velocity to the maximum tangential velocity. Likewise, it
was encountered that there is no unique definition for a characteristic mean bed shear stress.
Bed shear stress has been defined: (i) in terms of the force applied by the lid/tank (torque),
(ii) as the surface-average of the shear stress variation along the physical boundaries, and
(iii) through empirical relationships in terms of the lid/tank rotation.
Finally, it was presented the theoretical development of Engelund (1975) of the radial
and tangential velocity distribution in an annular flume. Furthermore, the basic governing
equations of a 2D and 3D Couette flow was shown. The Engelund formulation solved the
radial and tangential velocity distributions from a shear stress and a simplified dynamic
equation. Engelund (1975) stated that the shear stress imposed by the lid is transferred
along the water column without changing its magnitude. On the other hand, the simplified
dynamic equation expressed that the difference between the centrifugal force and the pressure
gradient is balanced by the radial shear stress. Engelund formulations agreed with other
authors in: (i) the radial shear stress is negligible at the lid or bed when the surface is
smooth, (ii) the net flow at a certain r-location is zero, and (iii) the scalar eddy viscosity is
not constant along the z-direction. Thus, Engelund (1975) found a logarithmic distribution
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for the tangential velocity and an integral expression for the radial velocity distribution.
Comparing initial simplified dynamic equation with the 3D Couette flow, it is notable that
most of the inertial terms. However, Falcon (1984) showed that a simplified dynamic equation
may work well for weakly curved and wide open channel flows.
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Chapter 3
Laboratory Experiments: Materials
and Methodology
3.1 Introduction
This chapter will be focused on describing the annular flume used as prototype for this
experiment, the acoustic instrument used to measure the tangential and radial component
of the flow, and the post-processing treatment of the measured data. The annular flume
used is a 1.5m ring-shape flume with a capacity of 370L. Its tank and lid can rotate inde-
pendently in order to compensate for undesirable secondary flow effect. However, the tank
stayed fixed and lid rotated over a rotation velocity of 0.5rpm to 4.0rpm. Tangential and
radial velocity profiles were measured using an Ultrasound Velocity Profiler (UVP-DUO).
This instrument was capable of measuring the Doppler Frequency Shift along an ultrasound
beam and correlating it with the flow velocity. Assuming that particles in the flow moves
with the same velocity as the fluid, the UVP-DUO estimates the Doppler Frequency Shift
knowing the fluid and ultrasound propagation properties. Internally, the UVP-DUO sys-
tem is programmed to determine the flow velocity when the measuring probe is stationary.
Because the measuring probes were placed at the moving lid, some post-processing com-
putations were needed to obtain the correct tangential velocity measurements. Finally, the
methodology followed to compute the radial and tangential velocity profiles from Engelund’s
formulation is presented.
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3.2 The Annular Flume
The annular flume used in this project belongs to the Ven Te Chow Hydrosystem Laboratory
at the University of Illinois. It was built by Engineering Laboratory Design, Inc (Lake City,
MN) in 2000 . In general terms, it is a 1.5m ring-shape flume with a capacity of 370L and it
consists of 5 main parts: (i) a 1.5m diameter fiber glass tank, (ii) a rotating plexiglas cover,
(iii) a supporting frame, (iv) two drive mechanisms, and (v) two motor controllers.
The flume has 75cm and 55cm of outer and inner radius, respectively. With 20cm width
by 45cm depth of cross section, the annular tank may carry 370L of fluid maximum. An
inlet/outlet garden hose male fitting with a ball valve was placed at the bottom for draining
and filling of the tank. According to the manufacturer, the flume is fabricated from laminated
fiberglass reinforced plastic. Its interior surfaces were painted with glass smooth vinyl-ester
gel-coat. However, the bottom of the flume was covered with a fine sand paper in a later
study. Even though the roughness of the bottom was change, it was found by Waterman
and Garcia (2014) all surfaces may be considered smooth for hydraulic purposes. On the
other hand, the exterior surfaces are covered with polyester gel-coat enamel. The tank is
provided with a 40cm wide by 35cm tall observation window to have visual access into the
flume. The observation window was fabricated on curved 0.64cm plexiglas to match the
outer radius of the flume. To bring the flume into rotation, the tank lies on a turntable of
high density board attached to a central steel support structure. A drive shaft and a shaft
bearing were welded with the steel structure in order to drive the axial flume rotation.
The annular flumes is provided with a 0.64cm plexiglas lid attached to a supporting steel
frame. It is elevation adjustable and it may rotate independently to the tank. Therefore,
the lid fits the flume with edge clearance to allow free rotation. In case of lid alignment,
screws with double jam nuts allow some shifting of the plexiglas cover. It may be located at
a minimum depth of 20cm from the bottom of the tank to a maximum clearance height of
25cm above the flange of the flume. The cover assembly vertically moves either upward or
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downward along a 5.08cm diameter 5 pitch steel ACME threaded rod. To ensure that the
lid will not move during the experiments, the cover may be fixed to the threaded rod with
an arrangement of nuts.
Figure 3.1: Annular flume at the Ven Te Chow Hydrosystem Laboratory.
The tank and lid are supported by an ensemble of two five-leg frames. They are fabricated
of structural tubing joined by welding. The upper and lower frames are attached through
bolted match plates. The lower legs are provided with adjustable leveling pads in order to
level the turntable. The manufacturer points out that there are two sets of bearing at the
center of each frame for the upper and lower drive shaft.
Two drive motors bring the lid and tank into rotation, independently. The cover ensem-
ble is allowed to rotate in either direction at 0.2 to 16 rpm. However, the lid was set to rotate
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in only one direction. The upper rotation system consists on a 0.5HP TENV 1750ROM AC
motor and a worm gear reducer connected to a 3/4” wide timing belt and pulley. Addition-
ally, three piloted flanged ball bearing align the ACME rod with the flume and turntable.
On the other hand, the rotation system for the tank consists on 0.5HP TENV 1150RPM AC
motor and a worm gear reducer connected to a 1/2” pitch chaing and sprockets. It allows
the tank to rotates at 0.2 to 9.6 rpm. Each motor has a 0.5HP transistor inverter type,
variable speed motor control to set the rotation speed of the motor. In addition, two remote
control stations are located on the frame.
3.3 The Ultrasound Velocity Profiler
Acoustic measuring techniques are used in a wide variety of fields and scales. The principle
of acoustic measurements is used for medical, geophysics, and fluid mechanics applications,
among others. As a general idea, it is based on emitting a sound signal with known fre-
quency through a known medium and acquiring the echo produced by any elements along
the signal path. Thus, objects may be shaped virtually in terms of their echo. Also, the
speed of a moving element in the medium can be correlated with the characteristics of its
echo. Thus, non invasive examinations of internal organs in medicine, sedimentology and
stratigraphy exploration in geology, and flow velocity measurements in fluid mechanics are
possible through acoustic measuring techniques. This project used an Ultrasonic Velocity
Profiler (UVP) to measure the radial and tangential velocity profiles in an annular flume.
Therefore, the objective of this section is to present a description of the UVP hardware and
the physics behind. To achieve such goal, the main components of the UVP are reported
as well as the computations to estimate the flow velocity. This section is divided into three
subsections: (i) the physical phenomenon used by the UVP, (ii) a description of the main
components of a UVP, and (iii) how the UVP computes the velocity profiles.
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3.3.1 Physics of an Ultrasound Velocity Profiler: Doppler Effect
An UVP is an electronic device that consists on a Central Processing Unit, a licensed software
to control the system, and one or more transducers. Transducers are cylindrical probes
capable to emit an ultrasound beams. Also, transducers may receive the echo produced
after the beam hits an obstacle. Figure 3.2 illustrates the concept of an UPV system.
Figure 3.2: Schematic illustration of an UVP system.
The physical principle used for the UVP to estimate the flow velocity is the Doppler
Effect. It is the perception of frequency change of a wave (sound) when the sound source
approaches or moves away the observer. Serway and Jewett (2014) explain through a boat
analogy the basic concept of Doppler Effect as follows. A stationary boat is anchored in
the middle of a lake. An observer in the boat reports that waves hit the boat every 5sec;
i.e., the wave period T is 5sec. Thus, their frequency f is 1/T = 0.2Hz. If the boat
moves in direction of the oncoming waves, the observer will perceive the waves hitting the
boat faster than each 5sec; in other words, the wave period T decreases from the observer’s
perspective. Therefore, the apparent wave frequency will increase because f = 1/T . In
case the boat moves away the approaching waves, the wave period will increase from the
observer’s impression. It would decrease the apparent wave frequency. Therefore, it may be
argued that the apparent change of frequency is function of the relative velocity between the
waves and the observer.
In this context, three major cases may be encountered: (i) moving observer only, (ii)
moving sound source only, and (iii) both observer and sound source are moving. The appar-
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Figure 3.3: Wavelength of a monochromatic wave.
ent frequency will be determined by the relationship between the relative velocity of observer
and sound source. Figure 3.4 illustrates an observer and sound source. Consider the case
where the sound source is stationary and the observer is moving toward the source (see
fig. 3.4a); i.e., vs = 0 and vo 6= 0. The medium (air) is uniform, therefore the waves will
propagate uniformly in all directions. If the wavelength produced by the source is λ and the
speed of sound is v (see fig. 3.3), the actual wave frequency f becomes:
f =
v
λ
(3.1)
Thus, the observer would receive the waves at a frequency f in case both observer and
sound source are stationary. When the observer moves towards the source, the speed of the
wave relative to the observer becomes:
v′ = v + vo (3.2)
In consequence, the frequency perceived by the observer or apparent frequency f ′ is:
f ′ =
v′
λ
=
v + vo
λ
(3.3)
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(a) Observer is moving with respect to the wave source.
(b) Wave source is moving with respect to observer.
Figure 3.4: Doppler effect as result of moving observer or wave source.
It implies that the frequency increases when the observer moves towards the sound source.
Using equation 3.1, equation 3.3 may be rearranged as follows:
f ′ =
v + vo
λ
(3.4a)
f ′ =
v + vo
v/f
(3.4b)
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f ′ =
(
v + vo
v
)
f (3.4c)
On the other hand, when the observer moves away the source, the relative velocity v′ turns
into:
v′ = v − vo (3.5)
Therefore, the apparent frequency f ′ becomes:
f ′ =
(
v − vo
v
)
f (3.6)
Equation 3.4c may be used in a formal sense when the the observer is moving and the source
is stationary. The observer velocity vo becomes either positive or negative when the observer
moves towards or away the source, respectively.
Consider the case where the observer is stationary and the source is moving towards the
observer; i.e., vo = 0 and vs 6= 0. Figure 3.4b shows the source approaching the observer
to the right. Each new wave front will be produced to the right of the location where the
previous wave was produced. It shortens the wavelength from the observer’s perspective
(see fig. 3.4b). Because the source moves at a velocity vs and each new wave is produce at
a period T , the wavelength is shortened by ∆λ = vsT . Thus, the apparent wavelength λ
′
becomes:
λ′ = λ−∆λ (3.7a)
λ′ = λ− vsT (3.7b)
λ′ = λ− vs
f
(3.7c)
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Using equation 3.7c, the apparent wave frequency f ′ may be stated as follows:
f ′ =
v
λ′
(3.8a)
f ′ =
v
λ− vs/f (3.8b)
f ′ =
v
v/f − vs/f (3.8c)
f ′ =
(
v
v − vs
)
f (3.8d)
Equation 3.8d shows that the wave frequency perceived by the observer will increase is the
sound source moves towards the observer. By following the same procedure, it may be found
the apparent frequency when the source moves away the observer:
f ′ =
(
v
v + vs
)
f (3.9)
Similar to equation 3.4c, equation 3.8d may be used to expressed both cases where the source
moves towards or away the observer. Thus, vs becomes positive or negative when the source
moves towards or away observer, respectively. The general Doppler-shift expression results
from combining equation 3.4c and 3.8d:
f ′ =
(
v + vo
v − vs
)
f (3.10)
UVP is capable of measuring the instantaneous flow velocity along an ultrasound beam.
It uses the Doppler Shift of the echoed ultrasound after the beam hits a moving particle.
Doppler shift is defined herein as the difference between the emitted and received frequency.
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Thus, instantaneous velocity series are determined by means of the variation of the Doppler
shift in time.
Figure 3.5: Sketch of a traveling ultrasound signal and its echo after it hits a moving particle.
Also, UVP can determine the position of the moving particle. The transducer or probe
sends a short ultrasound signal along the measuring axis; then, it turns into a reception
mode. Part of the signal dissipates and part echoes back after it hits a moving particle.
The same transducer detects the echoed ultrasound and the UVP system records delay time
tp. It is defined as the time elapsed between the signal emission and echo detection. From
equation 3.11, the distance between transducer and the particle xp can be solved. Note that
the number 2 shows up since the signal has to travel twice the distance xp (see fig. 3.5).
td =
2xp
v
(3.11)
Where v, is the propagation velocity of sound in the medium. If the particle moves with
non-zero velocity, there will be an apparent change of frequency in the echoed signal.
In order to estimate the particle velocity, the UVP goes through two phases. First, it
acts as stationary sound source. The first apparent ultrasound frequency may be computed
from equation 3.4c as follows:
f ′1 =
(
v + vp
v
)
f (3.12)
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Where, f ′1 is the first apparent ultrasound frequency, vp is particle velocity, and f is the
original ultrasound frequency. In a second phase, the transducer becomes an stationary
observer and the particle turns into a moving source. Thus, a second apparent ultrasound
frequency is computed using equation 3.8d:
f ′2 =
(
v
v − vp
)
f ′1 (3.13)
Where f ′2 is the second apparent ultrasound frequency. Replacing equation 3.12 into equation
3.13:
f ′2 =
(
v
v − vp
)(
v + vp
v
)
f (3.14a)
f ′2 =
(
v + vp
v − vp
)
f (3.14b)
Note that equation 3.14b resembles equation 3.10 when vo = vs = vp. Using equation 3.14b,
the Doppler shift ∆f may be computed as follows:
∆f = f ′2 − f (3.15a)
∆f =
(
v + vp
v − vp
)
f − f (3.15b)
∆f =
(
v + vp
v − vp − 1
)
f (3.15c)
∆f =
(
2vp
v − vp
)
f (3.15d)
Considering that the ultrasound propagation is significantly larger than the particle velocity
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v  vp:
∆f =
2vp
v
f (3.15e)
Solving for the particle velocity vp from equation 3.15e:
vp =
∆f
2
v
f
(3.16a)
Recall that v = λf (see eq. 3.1):
vp = ∆f
λ
2
(3.16b)
Thus, the UVP can compute the velocity and position of a moving particle by detecting
the delay time of its echo and Doppler shift. If the particle is small enough, it can to be
moved with the same velocity as the flow. Therefore, the UVP would be able to measure the
instantaneous velocity at any location of the flow. Furthermore, by detection of the Doppler
shift’s sign, it also provide accurate information of the velocity direction.
3.3.2 Hardware and Software Description of the Ultrasound
Velocity Profiler
The Ultrasound Velocity Profiler belongs to the Ven Te Chow Hydrosystem Laboratoy and
was manufactured by Met-Flow SA. This model is a UVP-DUO and it is composed of three
major elements: (i) the UVP-DUO unit, (ii) one or more transducers, and (iii) a laptop with
the controller software UVP Monitor. Met-Flow SA (2002) states that all the measuring
components are contained inside the UVP-DUO unit. Transducers produce and do the
”listening” of the ultrasound signal. Pre-processing, processing analysis, and setting up
is conducted through remote control by the UVP-DUO Monitor software. Furthermore,
this model is provided with an integrated multiplexer. It allows the system to generate
flow mapping. Integrated multiplexer is a panel with several ports to connect multiple
transducers at the same time. Thus, users may arrange various transducers and program
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their measuring sequence.
As many electronic devices, internally the UVP-DUO unit incorporates series of connec-
tors that communicate through synchronized signals. The Echo Signal Output is a connector
that bridges from the BNC connector (transducers) to the internal oscilloscope. It control
the emission/reception dynamic of the ultrasound signal and its echo. Thus, it is possible
to monitor the ultrasound signal in order to set up transducer parameter and determine
position of boundaries. On the other hand, the Ultrasound Pulse Repetition Frequency
Trigger Signal Output is a connector that provides ”the timing for an ultrasound pulse emis-
sion” (Met-Flow SA, 2002). In order to activate the Ultrasound Pulse Repetition Frequency
Trigger Signal Output, the External Trigger Input supports its connection to the BNC con-
nectors. The External Trigger Input sends the signal to start to measures the flow velocity.
The BNC connectors are the ports for the transducers. In a UVP-DUO system with in-
tegrated multiplexer, there are 20 BNC connectors to hook up transducers of 0.5MHz to
8MHz. The system is controlled remotely through an Ethernet port (LAN). In this project,
a router connected to the Ethernet port allowed to control the UVP-DUO system via wifi.
Transducers typically are cylindrical probes of 60mm long with diameters raging from
8mm to 23mm and cased in Delrin (high-resistant engineering thermoplastic). They pro-
duce ultrasound signals by converting high-frequency electrical pulses into high-frequency
mechanical vibrations. Under receiving mode, transducers perform the reversal process: to
transform mechanical vibrations (echo) into electrical signals. They come in working fre-
quencies of 0.5MHz to 8Mhz; two transducers of 1MHz were used in this study. Transducer
frequency determines the spatial resolution of the measured velocity profile: the larger fre-
quency, the finer spatial resolution and the shorter measuring distance. A single probe is
connected to the BNC connector through a 4m standard 50Ohm coaxial cable. It provides
an attenuation under 0.1dB/m for a 8Mhz signal (Met-Flow SA, 2002). Because probe and
cable are firmly attached, there is no possible to extend the cable.
A transducer probe consists on three main components: (i) Active element, (ii) Back-
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Figure 3.6: Main components of a transducer.
ing, and (iii) Wear plate (see fig. 3.6). Met-Flow SA (2002) points out that the transducer’s
performance highly depends on the impedance matching between the aforementioned compo-
nents. The active element is a piezoelectric or ferroelectric material that transforms electric
energy into ultrasonic energy. Thus, the active element produces a high-frequency when it
is electrically excited. According to Met-Flow SA (2002), the most common material used
in UVP transducers is polarised ceramics. Active elements were made of an array of thing
ceramic rods surrounded in a polymer matrix. This configuration allows mechanical con-
tinuity over the probe face and then along the measuring axial direction. The Backing is
a buffer element located behind the active element. Its purpose is to absorb the acoustic
energy coming from the back face of the active element. The agility of the transducer to
switch between emitting and receiving is function of its impedance matching with the active
element. When there is a well matched impedance, backing will absorbed the back vibration
efficiently. On the other hand, certain degree of mismatching will lead to prolong the active
element vibration after the electric signal has been switched off (longer transient). It is
because some energy may be reflect back to the active element. Depending on the purpose
of the experiment, matching or mismatching impedance might be convenient. For instance,
longer transient achieves low temporal resolution because emitting/receiving switch is slow.
However, the echo intensity (amplitude) is higher for longer transient because the ultrasonic
signal becomes more energetic. Finally, the wear plate provides an impedance transition be-
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tween the active element and the medium and protection for internal parts of the probe. The
wear plate typically slightly matches the fluid impedance (approximately 10 times smaller
than the active element) in order to increase the ultrasound energy output.
UVP Monitor software Version 3 is the interface where users set up all measuring param-
eters, visualize recorded data in real time, and export the final velocity profiles. Its purpose
is to control remotely the UVP-DUO unit through LAN connection. Therefore, the software
allows users to specify the initial configuration, such as measuring channel width, measur-
ing window, sound speed, among others. According to Met-Flow SA (2002), this Version is
capable of analyzing velocity histogram, auto-correlation, cross-correlation, and power spec-
trum along the profile. Thus, the software computes turbulence statistics: average, variance,
skewness, and kurtosis.
3.3.3 Computation of Velocity Profile
This subsection is devoted to present how a UVP-DUO computes the velocity profile. The
analog signal from the echo ultrasound converted into a Doppler shift frequency. Then,
the UVP-DUO Monitor Software transforms the raw data into the adequate flow velocity
component. A temporal correlation algorithm is used by the software to determine the actual
Doppler shift frequency at certain locations along the ultrasound beam. To perform the
computations, the system requires information such as transducer orientation, ultrasound
signal geometry, and acoustic properties of the medium. The subsection will address the
fundamental definitions, measuring limitations, and the actual computation of the velocity
profiles.
UVP-DUO discretizes space in one dimension along the ultrasound beam. It divides the
measurable space into small volumes (cylinder shape) called channels (see fig. 3.7). The
channel width wch is defined as the length of a measurement volume. Channel width is the
same for all channels along the ultrasound beam and specifies the spatial resolution. It is
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Figure 3.7: Measurement window along a ultrasound beam.
Figure 3.8: Illustraion of a pulse (several cycles) passing through a channel (measuring
volume).
expressed in terms of the ultrasound properties as follows:
wch = v
np
2f
=
npλ
2
(3.17)
Where v is the sound velocity, np is the number of cycles per pulse, f is the ultrasound
frequency, and λ is its wavelength. A pulse becomes the leaving ultrasound signal; it is a
burst of cycles that will travel along the beam (see fig: 3.8). Note that the channel width
was expressed in terms of the wavelength. According to Met-Flow SA (2002), wch means to
be half the length of a pulse length; it is required that the pulse covers twice the channel
width when it reaches one of the channel end faces. The number of pulses n may be set up
through the UVP-DUO software interface. The minimum cycles per pulse produced by the
unit is 2. However, 4 cycles per pulse was used in these experiments because it is the optimal
value recommended by (Met-Flow SA, 2002). The channel distance becomes the separation
between the center of two consecutive measurement volumes. This parameter rather than
being determined by the signal geometry, is defined by the user. Thus, the channel distance
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dch may or may not be smaller than the channel width wch. In case dch < wch, certain
percentage of overlapping between two consecutive channels takes place. The UVP-DUO
system is capable of capturing channel overlapping. It does not imply improvement on
the spatial resolution because the system averages over the overlapped portion. Therefore,
overlapping channels produce more smooth velocity profiles. The measuring window is
defined as the section of ultrasound beam that accommodates all the channels. Thus, the
window distance may be determined as follows:
W = (Nch − 1)× dch (3.18)
Where W is the window distance and Nch is the number of channels. Using equation 3.18,
the end position of the window Wend becomes:
Wend = Wstart +W = Wstart + (Nch − 1)× dch (3.19)
Where Wstart is the start position of the window. This concept introduces the first measure-
ment limitation, the maximum measurable depth Pmax. The UVP-DUO system constrains
the window end position to:
Wend < Pmax (3.20a)
Wend max = Pmax − 2× dch (3.20b)
Where Wend max is the maximum window end position.
The objective of a UVP-DUO system is to detect the Doppler shift frequency at every
channel along the ultrasound beam; in other words, it must identify precisely the echo
signal coming from each measurement volume within the complete echo burst. The UVP-
DUO Monitor software uses a time domain algorithm to establish the echo oncoming from
each single channel, separately. Herein two measurement limitations show up: maximum
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measurable depth Pmax and maximum measurable velocity range Vrange. The maximum
measurable depth depends on the pulse repetition frequency Fprf . The pulse repetition
frequency is defined as the frequency at which a UVP-DOU system sends a ultrasound pulse
(see fig. 3.8). In principle, the system cannot shoot a new pulse until the echo from the last
channel reaches the transducer. Thus, the maximum measurable depth becomes:
v =
2Pmax
Tprf
(3.21a)
v = 2PmaxFprf (3.21b)
Pmax =
v
2Fprf
(3.21c)
Where v is sound velocity and Tprf is the time it takes a pulse to reach the last channel
in addition to the time it takes its echo to reach the probe. Equation 3.21c shows that
the larger pulse repetition frequency Fprf allows the system to reach a larger maximum
measurable dept Pmax. On the other hand, the maximum measurable velocity range Vrange
also depends on the pulse repetition frequency. According to the Nyquist sampling theorem,
certain sample can be measured at minimum at ”twice the highest frequency presented in
the signal” in order to not introduce errors (Met-Flow SA, 2002). Thus, UVP-DUO limits
the maximum detectable Doppler shift frequency to half of Fprf :
∆fmax = Fprf/2 (3.22)
The maximum velocity range is equivalent to the absolute value of twice the maximum
measurable particle velocity:
Vrange = 2 |vp max| (3.23a)
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Vrange = 2
∣∣∣∣v∆fmax2f
∣∣∣∣ (see eq. 3.16a) (3.23b)
Vrange = 2
∣∣∣∣v(Fprf/2)2f
∣∣∣∣ (3.23c)
Because Fprf , f and v are positive, absolute value may be removed:
Vrange =
vFprf
2f
(3.23d)
Combining equation 3.21c and 3.23d:
PmaxVrange =
(
v
2Fprf
)(
vFprf
2f
)
(3.24a)
PmaxVrange =
v2
4f
(3.24b)
Vrange =
v2
4fPmax
(3.24c)
Note that Vrange is inversely proportional to the emitted ultrasound frequency f and the
maximum measurable depth. Furthermore, Met-Flow SA (2002) derives a formulation for
velocity resolution ∆V in terms of maximum velocity range; which is defined as the least
resolvable difference in velocity. Due to hardware capabilities, a digital signal processor only
produces a fixed number of possible velocity values NDU . UVP-DUO system works with
8-bit word digital signal processor. It implies that NDU is equal to 256. Therefore, the
velocity resolution ∆V becomes:
∆V =
Vrange
NDU
=
Vrange
256
(3.25)
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In order to achieve more velocity resolution, the maximum velocity range Vrange may be
reduced by increasing the maximum measurable depth Pmax.
UVP-DUO system computes the flow velocity by means of the Doppler shift frequency,
characteristics of the ultrasound signal, and the transducer orientation with respect the
flow. It produces continuously series of ”raw data” as an internal output for Doppler shift
frequency. In order to convert the raw data into actual frequency units, UVP-DUO Monitor
software introduces a Doppler coefficient CDoppler. Similar to the velocity resolution ∆V , the
Doppler coefficient becomes the smallest measurable Doppler frequency difference:
CDoppler =
Fprf
NDU
(3.26)
Where Fprf is pulse repetition frequency and NDU is the number of possible values coming
from a digital signal processor. Thus, the Doppler shift frequency ∆f is computed as follows:
∆f = CDoppler × raw data (3.27)
Further, sound coefficient Csound is brought in to compute the flow velocity along the ultra-
sound beam. It is expressed in terms of the emitted ultrasound signal as follows:
Csound =
v
2f
=
λ
2
(3.28)
Velocity vp along the beam becomes:
vp = Csound ×∆f (3.29)
Finally, raw data may be converted into the flow velocity component of interest V (see fig.
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3.9) according equation 3.30.
V = raw data× CDoppler × Csound × 1
sin θ
(3.30)
Figure 3.9: Illustration of a UVP-DUO system measuring velocity profiles in an open channel
flow.
3.4 Experimental Setup
The objective of this experiment was to measure tangential and radial velocity profiles of
flow in an annular flume. Thus, a further comparative analysis between measured data and
the aforementioned mathematical formulation could be conducted. As result, conclusions
could be developed regarding the applicability of such theoretical formulation on describing
the velocity profiles in this flume.
The UVP-DUO system was used to measured the tangential and radial velocity profiles.
Instead of using the integrated multiplex component, two 1MHz-transducers were attached
into a 3D printed holder. The holder covered the sampling hole on the lid of the flume in
order to bring continuity along the lid surface (see fig. 3.10). Also, the holder kept both
55
Figure 3.10: Ensemble of the UVP holder into the lid and transducer arrangements for
measureing radial and tangential velocity profiles.
probes fixed and placed orthogonal between each other. One probe was placed to measure
the tangential component of the flow, whilst the other measured the radial component. The
angle θ for both transducers was 10o. The UVP-DUO unit was placed at the top wooden
plate attached to the lid supporting frame. Because of the lid rotation, the UVP-DUO unit
was conveniently connected to the remote control laptop via wifi. Thus, the unit and a router
were fastened to the wooden plate with hook-and-loop fasteners and fabric buckle belts. In
order to achieve flow depths shallower than 20cm (minimum depth of the annular flume), the
bottom of the flume was raised, 15cm approximately, with ground walnut shells. Therefore,
it was possible to set up 5cm of flow depth. Ground walnut shells had a mean grain size of
1.49mm. It would increase significantly the equivalent roughness height of the bottom; it
was found to be smooth according to Waterman and Garcia (2014). Some minor bedload
transport took place along the experiments. Even though no bedforms appeared, particular
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precaution was taken on making flat the bottom periodically when it was necessary. Figure
3.11 presents the sketch of the experimental setup.
Figure 3.11: Sketch of the experimental setup.
This experiment assessed the tangential and radial velocity profiles under three water
depth conditions (cases) and four speed of lid rotation (runs). In all cases the tank stayed
stationary in order to compare the velocity profiles with the (Engelund, 1975) formulation.
Annular flumes reach steady-state and uniform conditions fairly quick. In consequence, the
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flow was considered uniform in the tangential direction (∂/∂θ = 0). Therefore, a waiting
period from 2 to 3 min took place after changing the lid rotation speed to let the flow reach
equilibrium. 2, 500 velocity profiles were measured for every single run for each velocity
component; they were recorded at 58.82Hz frequency (every 17ms). The spatial resolution
was ∆z = 1.465mm; thus, 35, 69, and 103 points were measured along the water column
for depths h = 5cm, 10cm, and 15cm, respectively. Tangential and radial velocity profiles
were not measured simultaneously since the integrated multiplex component was not used.
Table 3.1 presents the cases assessed in this experiment.
Table 3.1: Evaluated cases in the annular flume at Ven Te Chow Hydrosystem Laboratoy.
Case Run Water depth (cm) Tank rotation (rpm) Lid rotation (rpm)
1
A 5.0 0.0 0.5
B 5.0 0.0 1.0
C 5.0 0.0 2.0
D 5.0 0.0 3.0
E 5.0 0.0 4.0
2
A 10.0 0.0 0.5
B 10.0 0.0 1.0
C 10.0 0.0 2.0
D 10.0 0.0 3.0
E 10.0 0.0 4.0
3
A 15.0 0.0 0.5
B 15.0 0.0 1.0
C 15.0 0.0 2.0
D 15.0 0.0 3.0
E 15.0 0.0 4.0
3.5 Data Processing and Analysis
The purpose of this section is to present the data processing methodology used to obtain
instantaneous velocity profiles from UVP-DUO raw data and hydrodynamic characteristics in
the annular flume. A Matlab code was used to manage the binary file from the UVP-DUO. In
order to describe the hydrodynamic behavior of the annular flume some turbulence statistics
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were computed. Also, the methodology to compare the Engelund (1975) formulation with
the measured profiles is presented.
3.5.1 Processing of raw data
To obtain more flexibility to manage the data from the UVP-DUO, a Matlab code was
employed to convert the raw data into instantaneous velocities. Pedocchi (2005) provided,
as an appendix in his Master’s thesis, a script to read the UVP-DUO files and compute the
velocity profiles. The code was slightly adapted to fit the needs of this experiment. For
instance, equation 3.15e was changed considering that the transducer is no longer stationary
for measurements of tangential velocity. Recalling that the UVP-DUO goes through two
stages to detect the Doppler shift frequency. First, it plays the role of sound source emitting
the ultrasound beam. Then, it changes into ”listening” mode to detect the echo ultrasound
from the moving particles. Velocity computation for tangential velocity profiles were adapted
as follows:
f ′1 =
(
v + vp
v − vt
)
f (3.31)
Where f is the emitting ultrasonic frequency, f ′1 is apparent Doppler frequency, v is sound
velocity, vp is particle velocity, and vt is source velocity. Equation 3.31 expresses that the
apparent frequency at the first stage will consider that the particle is the observer and the
transducer and sound source. Thus, it is moving towards (positive sign) or away (negative
sign) the observer with velocity vt. At the listening stage, the transducer and the particle
become the observer and the source, respectively. Therefore, the second apparent Doppler
frequency f ′2 turns into:
f ′2 =
(
v + vt
v − vp
)
f ′1 (3.32)
Replacing equation 3.31 into equation 3.32:
f ′2 =
[(
v + vt
v − vp
)(
v + vp
v − vt
)]
f (3.33a)
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f ′2 =
[(
v + vt
v − vt
)(
v + vp
v − vp
)]
f (3.33b)
The UVP-DUO system defines and measures the Doppler shift frequency as the differences
between the emitted ultrasound frequency and the detected echo frequency f ′2. Thus, the
adapted Doppler shift frequency becomes:
∆f = f ′2 − f (3.34a)
∆f =
[(
v + vt
v − vt
)(
v + vp
v − vp
)]
f − f (3.34b)
∆f = f
[
2v(vt + vp)
(v − vs)(v − vp)
]
(3.34c)
Since sound velocity is significantly larger than particle and transducer velocity, both may
be neglected from the denominator in equation 3.34c:
∆f = f
[
2v(vt + vp)
v2
]
(3.34d)
∆f = f
[
2(vt + vp)
v
]
(3.34e)
Recall that the UVP-DUO system assumes that the transducer is stationary. Thus, it
computes the Doppler shift frequency as follows (see eq. 3.15e):
∆f =
2vp
v
f (3.35)
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Note that the system will detect an apparent particle velocity v′p = vt + vp when the trans-
ducer is moving with the lid:
∆f =
2v′p
v
f = f
[
2(vt + vp)
v
]
(3.36)
Figure 3.12: Velocity decomposition of moving transducer for tangential velocity measure-
ments.
According to figure 3.12 the transducer will be moving away from the measuring volume.
It implies that the apparent particle velocity v′p is:
v′p = vp − vt (3.37)
Figure 3.12 also shows that transducer velocity with respect to the beam axis turns into:
vt = RΩT cos θ (3.38)
Where R is the radial location of the transducer. On the other hand, no adaptation was
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required for the radial velocity computations. It may be argued that the transducer moves
with respect to the measuring volume. However, it may be considered stationary with respect
to the velocity component of interest. The transducer velocity with respect to the measuring
volume will be:
vt =
2(RΩT )
2
v
(3.39)
Because the sound velocity is significantly larger than the lid rotation velocity RΩT  v,
the transducer velocity vt may be neglected for radial velocity measurements.
3.5.2 Engelund’s Formulation
Engelund (1975) proposed a mathematical formulation to compute directly the tangential
and radial velocity profiles when the flow depth and lid rotation velocity are known. Because
the secondary flow is a consequence of the centrifugal acceleration, it can be expected to be
a function of tangential velocity magnitude. Therefore, Engelund’s formulation claims that
radial component of the flow is function of the computed tangential velocities.
Tangential Velocity Profile
The tangential velocity profile follows a logarithmic distribution and is computed according
to the following equation (Engelund, 1975),
vθ
u∗
=
1
κ
ln
ζ
1− ζ +
1
κ
ln
30h
kB
(3.40)
Where vθ is tangential velocity, u∗ is shear velocity, κ is Von Karman constant, h is flow
depth, ζ is z/h, and kB is equivalent roughness height of the bottom. Since the walnut shells
used to rise the bottom of the flume were 1.49mm mean grain size, kB was assumed to be
equal to 2× 1.49mm = 2.98mm.
Shear velocity was estimated following two methodologies: (i) fitting a log-law (see eq.
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3.41a) to the lower 2 to 3cm of the measured tangential velocity profile, (ii) using the
Engelund’s formulation itself. From measured data, the vertical elevation z was graphed
in a semi-logarithmic plot. Thus, the inverse of slope of a linear regression times the Von
Karman constant became the shear velocity (see eq. 3.41c).
vθ
u∗
=
1
κ
ln
(
z
z0
)
(3.41a)
κ
u∗
vθ = ln(z)− ln(z0) (3.41b)
ln(z) =
κ
u∗
vθ + ln(z0) (3.41c)
On the other hand, Engelund (1975) states that shear velocity can be computed directly
when the lid rotation and its roughness are known:
rΩT
u∗
=
1
κ
(
ln
30h
kT
+ ln
30h
kB
)
(3.42)
Where ΩT is the lid rotation velocity and kT is the equivalent roughness height of the lid.
Radial Velocity Profile
Engelund (1975) pointed out that through equation 2.15 shear velocity and bed shear stress
can be estimated by means of the tangential velocity. Equation 3.40 becomes:
f(ζ) =
vθ
u∗
(3.43)
Thus, the equation to compute the radial component of the flow is:
κvr
u2∗
= −h
r
F (ζ)− gh
u2∗
dh
dr
ln(1− ζ) + Ch
u2∗
ln
ζ
1− ζ + C1 (3.44)
63
Where C1 is an integration constant and F becomes:
F (ζ) =
∫ ζ
0
dξ
ξ(1− ξ)
∫ ξ
0
f 2dξ (3.45)
C and C1 are defined by the boundary conditions:
C1 =
Ch
u2∗
ln
30h
kB
(3.46a)
C =
u2∗
r
∫ 1
0
f 2(ζ)dζ − gdh
dr
(3.46b)
Finally, the unknown piezometric gradient dh/dr was determined by Engelund (1975) as-
suming that the net radial flow at a certain r-location is zero:
∫ 1
0
vrdζ = 0 (3.47)
For computational purposes, all integrals were solve numerically using the trapezoidal method.
Also, Excel Solver was used to find the piezometric gradient that results on satisfying equa-
tion 3.47.
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Chapter 4
Results and Discussions
4.1 Introduction
Mathematical models become an efficient tool to describe the behavior of systems in nature.
Contrary to numerical models, the earlier provides direct solutions using either boundary
or initial conditions. Thus, the variation in time and/or space of a physical property can
be known through a single equation or a system of them. The purpose of this chapter is to
compute radial and tangential velocity profiles using the Engelund’s formulation (Engelund,
1975) and to compare them with profiles measured in the Ven Te Chow Annular Flume. It
is intended to identify differences in order to validate the use of Engelud’s formulation as a
suitable model to represent the flow field in the Ven Te Chow Annular Flume. Because shear
velocity is associated with bed shear stress, it becomes an important parameter for erosion
and deposition experiments. Thus, shear velocity was estimated by fitting the lower part of
the tangential profiles to a logarithmic distribution. Since Engelund’s formulation provides
a direct way to compute the shear velocity as function of the lid rotation velocity, they were
compared with those estimated via the log-law. The chapter is organized in two sections:
(i) the first one is devoted to analyze the measured and modeled tangential velocity profiles,
and (ii) a second section will present the measured and computed velocity profiles in the
radial direction.
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4.2 Tangential Velocity Distribution
This section is divided into two major parts: (i) measured data, and (ii) Engelund’s formu-
lation. With the purpose of understanding the hydraulic behavior of the tangential velocity
profiles in the Ven Te Chow Annular Flume, the first part will describe the measured velocity
profiles. Then, the second part will contrast the measured data with the tangential velocity
profiles from the Engelund’s formulation. Some other parameters such as depth-averaged
mean velocity and shear velocity will be addressed for measured and modeled values as well.
4.2.1 Measured Data
This subsection presents the measured mean velocity profiles of the tangential component.
Results will be presented in three plots, one for each flow depth (cases). Therefore, every
single graph will contain five mean velocity profiles, one for each lid rotation velocity. Also,
shear velocity will be estimated by fitting the lower part of the profiles to a logarithmic
distribution. Finally, other parameters such as Reynolds number and depth-averaged veloc-
ity are showed as function of the lid rotation velocity. The objective of this analysis is to
understand the velocity distribution in the annular flume as function of flow depth and lid
rotation.
Flow Depth h = 5cm
1. Mean Velocity Profile
Figure 4.1 presents the tangential mean velocity distribution for case 1 (flow depth
equal to 5cm). In general, all the profiles showed a common behavior. Within the first
5mm, there is a monotonic increasing behavior. Then, a strong distortion appears in
the profile at z = 1cm, approximately. The tangential mean velocity remains fairly
uniform with slight increments up to the top. Since the velocity profiles remain uniform
along the upper 4cm, they became quite parallel by an offset equivalent to the difference
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in lid rotation velocity. However, velocity profiles of 0.5rpm and 1rpm merge along the
first centimeter. This significant distortion of the mean velocity profile may be due to
the effect of the secondary flow and/or walls. Wall effects are reduced when the ratio
flow depth to width is significantly smaller than one h/B  1. In this case, h = 5cm
and B = 20cm; it yield a depth-to-width ratio of 0.25. Also, the hydraulic radius may
indicate the strength of wall effects. For very wide channels, the hydraulic radius Rh
tends to equal the flow depth h. However, the hydraulic radius in this case is 3.33cm.
So that, it differs by 33.4% from h. Falcon (1984) explains that when the secondary
current is strong enough, it may interact with the velocity along the main flow. Also,
he pointed out that for strong curved channels convective secondary velocity may play
an important role. The ratio width-to-radius B/R may be a measured of the channel
curvature. Weakly curved channels presents B/R significantly smaller than one. The
Ven Te Chow annular flume has B = 20cm and R = 65cm; it yields B/R = 0.31.
Therefore, it can be argued that secondary flow may have a major influence on the
velocity distribution of the tangential component.
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Figure 4.1: Mean tangential velocity profiles for flow depth h = 5cm.
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2. Shear Velocity and Depth-averaged Mean Velocity
Shear velocity was estimated by fitting a logarithmic distribution along first centimeter
of the velocity profile. According to M. Garcia (2008), the log-law distribution may
be encountered over the lower 20% of the flow depth. The bias on the lower part
of the velocity profile was ignore to fit the logarithmic distribution. There exists an
apparent continuity of the velocity profile below and above the distortion in all flow
conditions. Therefore, few points of the above-distortion profile were used to extend
the logarithmic trend line. Figure 4.2 presents the variation of the shear velocity as
function of the lid rotation velocity. Also, the same figure shows the power function
that best fits the data; parameter R2 was equal to 0.78. The shear velocity data looks
more scattered for slow lid rotation than for faster revolutions. It may be argued that
at slow lid rotation the net bulk momentum in the tangential direction can be easily
affected by the secondary flow. On the other hand, figure 4.3 shows the variation of the
depth-averaged mean velocity as function of lid rotation velocity as well. These values
follow a more consistent monotonic tendency. A power function is also presented in
the same figure.
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Figure 4.2: Shear velocity variation as function of lid rotation velocity for h = 5cm.
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Figure 4.3: Depth-averaged mean velocity variation as function of lid rotation velocity for
h = 5cm.
Flow Depth h = 10cm
1. Mean Velocity Profile
The structure of the mean velocity profiles for flow depth equal to 10cm were signifi-
cantly different than those for flow depth equal to 5cm (see fig. 4.4). The earlier did
not present any defined tendency. It suggests an important effect of the convective
effects of the secondary currents on the main flow. Even though the profiles does not
show a well-defined profile, a large deformation of the profile can be highlighted along
z = 1cm and z = 6cm. James et al. (1996), in a numerical and experimental study,
stated that the interaction of secondary flow cells with the flow can be identified on
tangential velocity distribution. Thus, it may be argued that the cell structure of the
secondary flow for flow depth equal 10cm has a significant strength between z = 6cm
and z = 1cm. In addition to the secondary flow, wall effects in this case became more
important than in the later. It was found that the hydraulic radius of this condition
was equal to 5cm; i.e. 50% of the actual flow depth. Lateral boundaries interacts with
the main flow. Their effect becomes more notable over the middle section of the profile
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because the top and lower boundaries have less influence.
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Figure 4.4: Mean tangential velocity profiles for flow depth h = 10cm.
2. Shear Velocity and Depth-averaged Mean Velocity
Figure 4.5 presents the variation of shear velocity as function of lid rotation when flow
depth was equal to 10cm. In general, it illustrates that shear velocity increases with lid
revolutions per minute. This behavior is expected because the faster the lid moves, the
more momentum is transferred into the bottom through the water column. Different
than the 5cm case, shear velocity data is considerably more scattered. Because of
the great deformation of the mean velocity profile, it was difficult to define a neat
logarithmic distribution even over the first centimeter. It was found that the u∗ value
was very sensitive to the number of data points used to fit the logarithmic distribution.
Figure 4.5 also presents the best power function that fitted the series. It was found
that R2 was equal to 0.51. On the other hand, figure 4.6 shows the variation the
depth-averaged mean velocity as function of lid rotation. The power function that
fits this data set is presented in the same figure. Unlikely the shear velocity series,
the depth-averaged mean velocity shows a well-defined monotonic behavior. It also
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increases with the lid rotation. Because the general shape of the mean velocity profile
of the 0.5rpm-condition differs slightly from the rest of profiles, some scatter appear
at lid rotation equal to 0.5rpm.
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Figure 4.5: Shear velocity variation as function of lid rotation velocity for h = 10cm.
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Figure 4.6: Depth-averaged mean velocity variation as function of lid rotation velocity for
h = 10cm.
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Flow Depth h = 15cm
1. Mean Velocity Profile
Mean velocity profiles are presented in figure 4.7. They shows similar velocity distribu-
tions. In general, the lower part of the profiles presents a peak that is larger than the
lid rotation velocity vL. In a typical Couette flow, the maximum velocity is located at
the moving plate. However, all the velocity profiles shows that the maximum velocity
is located at z = 1cm, approximately. Since the same peak was slightly perceived
for flow depth equal to 10cm and not identified for a flow depth of 5cm. It may be
argued that the velocity structure of the profiles in figure 4.7 was better developed
with the flow depth. Thus, the velocity profiles at h = 10cm became a transitional
stage between the profiles at h = 5cm and h = 15cm. Note that a mirror behavior
is presented at the upper part of the velocity profiles. It may be argued that it is
due to the local effect of the vortex formed when the outward (downward) secondary
flow at the top (along the outer wall) meets the outer wall (bottom); i.e. it may be
caused by the change of flow direction at the corners of the cross section (see fig. 2.2a
when the tank is stationary). Because the direction of the secondary flow along the
top and bottom has opposite directions their convective effect on the main velocity
profile is the opposite as well. Therefore, the convective effect of the secondary flow
damps the tangential velocity at the top and increases the tangential velocity at the
bottom. The behavior of the tangential velocity profiles agreed with those measured
by Krishnappan (1993).
2. Shear Velocity and Depth-averaged Mean Velocity
Shear velocities of lid rotation for flow depth equal to 15cm are presented in figure
4.8. Because of the well-defined logarithmic distribution over the first centimeter of
the velocity profiles, figure 4.8 illustrates a less scattered data set. There is increasing
tendency of the series as function of the lid rotation. The same figure presents the best
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Figure 4.7: Mean tangential velocity profiles for flow depth h = 15cm.
power function that fits the estimated shear velocity. It was found that R2 parameter
was equal to 0.81. Similarly, it was found that depth-averaged mean velocity follows
a power-law distribution without any significant scatter (see fig. 4.9). Note that U
becomes slightly larger than vL in all lid rotation when flow depth is equal to 15cm.
It may be argued that momentum transfer from the secondary flow into the main flow
becomes significant.
In order to summarize the hydraulic parameters of the measured velocity distribution,
figures 4.10 contrasts the shear velocity, depth-averaged mean velocity and Reynolds number,
respectively, as functions of lid rotation velocity.
4.2.2 Engelund’s formulation
This part will present the tangential velocity profiles computed using the Engelund’s formu-
lation. Measured and modeled values will be compared by means of their shear velocities
and the complete velocity profiles. First, the shear velocity estimated by a logarithmic dis-
tribution and Engelund’s formulation will be presented in a single plot as function of lid
73
0.5 1 1.5 2 2.5 3 3.5 4
0.5
1
1.5
2
2.5
Lid rotation (rpm)
u
∗
(c
m
/s
)
Data
Power fit regression
u∗ = 0.814rpm0.821
Figure 4.8: Shear velocity variation as function of lid rotation velocity for h = 15cm.
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Figure 4.9: Depth-averaged mean velocity variation as function of lid rotation velocity for
h = 15cm.
rotation and flow depth. Then, the complete set of 15 plots (one for each lid rotation and
depth flow) will display the measured data along with modeled profiles. The Engelund’s
formulation is significantly sensible to the shear velocity. Therefore, a final analysis will
show the measured and computed velocity profiles when the shear velocity was adjusted to
obtain the best fit between them.
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lid rotation for all flow depths.
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Shear Velocity
Engelund (1975) provides a method to determine the shear velocity u∗ directly. When the
roughness of the lid and bottom are known, equation 4.1 is used to solve for u∗.
ΩLR
u∗
=
1
κ
[
ln
(
30h
kL
)
+ ln
(
30h
kT
)]
(4.1)
Where ΩL is the angular velocity of the lid, R is the mean radius, κ is the Von Karman
constant (0.41), h is flow depth, and kL and kT are the equivalent roughness height of the
lid and bottom, respectively. Note that the flow is considered hydraulically rough at the
lid and bottom. Herein kL and kT were assumed equal to twice D65 (M. Garcia, 2008).
The characteristic grain size of the walnut shell was 1.49mm. The lid did not have any
granular surface; on the other hand, it was covered with square pieces of 4mm-thick foam
in a staggered array in a previous study. As a rough approximation, kL was assumed to be
2× 4mm = 8mm.
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Figure 4.11: Shear velocity u∗ estimated from data (log-law distribution) and according to
Engelund (1975) formulation.
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To assess the applicability of the Engelund’s formulation in the Ven Te Chow Annular
Flume, the shear velocity was computed for all measured cases using equation 4.1. Then,
they were compared with those estimated from measured data. Shear velocity becomes an
important parameter to evaluate because it is associated with the capacity transport of the
flow. Figure 4.11 presents the values of shear velocity computed with equation 4.1, labeled
as ”Engelund”, and those estimated by fitting a logarithmic distribution to the measured
data.
Shear velocity obtained from Engelund’s formulation increases with lid rotation velocity
and decreases with flow depth. Typically, shear velocity is proportional to the characteristic
velocity of the flow. For instance, it becomes proportional to the depth-averaged mean
velocity. Because lid rotation is the driving mechanism of the flow, it is expected to obtain a
proportional relationship between shear velocity and lid rotation velocity. Engelund (1975)
also explains that the shear stress applied by the lid is transferred through the water column
without change. Bed shear stress is associated with the square of shear velocity by the fluid
density. Thus, shear velocity through a direct proportionality to the lid rotation velocity.
The inverse behavior of shear velocity with respect to flow depth may be understood through
the definition of shear stress as well. For Newtonian fluids, shear stress is proportional to
the vertical velocity gradient ∂vθ/∂z through the dynamic viscosity µ or the eddy viscosity
ε. When velocity boundary conditions remains (vθ(0) = 0 and vθ(h) = ΩLR) but flow depth
increases, the vertical velocity gradients decreases. If ∂vθ/∂z becomes smaller, the shear
stress would decrease as well. Therefore, Engelund’s formulation computes larger shear
velocity with shallower flow depth.
Two major differences were found comparing shear velocity from measured data with
those computed with Engelund’s formulation: (i) all measured values are larger than those
from Engelund’s; and (ii) shear velocity estimated from measured data showed an increase
with flow depth. Tangential flow is significantly affected by the radial component of the
velocity. Falcon (1984) stresses that channel curvature determines the interaction of main
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and secondary flow. According to him, the Ven Te Chow Annular Flume may be classified
as a strong curved flume because the ration width-to-radius is not much smaller than one.
It implies that convective terms, neglected in the simplified dynamic equation, in the full
Navier-Stokes equations become important. In other words, the transfer of momentum from
the secondary velocities turn to be important and cannot be neglected. Unlike the shear
velocity from Engelund’s formulation, measured shear velocity increases with water depth.
It may be argued that the secondary flow becomes stronger for a larger flow depth because
it provides more length to develop the flow. Thus, its interaction with the main flow would
be more significant for deeper flows. Booij (1994) found the secondary flow became stronger
with larger flow depths. His objective was to minimize the secondary flow intensity by
rotating the tank. Booij (1994) pointed out that the ration lid rotation velocity to tank
rotation velocity was larger for shallower flow depths.
Mean Velocity Profiles
The objective of this part is to analyze the Engelund’s formulation by comparing its mean
velocity estimations with measured data. Therefore, measured data will be contrasted with
mean velocity profiles computed with Engelund’s formulation. To obtain a better agreement
between measured values and estimated velocity profiles, a minimum square error adjustment
was conducted by changing the shear velocity. Then, a discussion is presented comparing
the new velocity profiles and shear velocity with the measured ones.
1. Using shear velocity from Engelund’s formulation
Figure 4.12 shows the measured velocity profiles along with those estimated using En-
gelund’s formulation. It was found that the Engelund’s formulation underestimates
the mean velocity profile in all cases. In general, the tangential velocity is notable un-
derestimated over the water column for flow depths equal to 5cm and 10cm. In cases
of h = 15cm, there is overestimation of the profile over the upper 5cm. Engelund’s
formulation is sensitive to values of shear velocity. Also, it was found that measured
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shear velocities differ largely with shear velocity estimated using Engelund’s formula-
tion. Equivalent roughness height kL and kT are unknowns to be calibrated. However,
Engelund (1975) stated that the velocity profile is not significantly sensible to those
values because of the slow variation rate of the logarithmic profile at the boundaries.
This behavior supports the idea that the tangential velocity in the Ven Te Chow Annu-
lar Flume is highly affected by the secondary flow. Therefore, Engelund’s formulation
does not represent correctly its tangential velocity profiles. However, some similarity
with few measured cases can be observed.
Flow depth that better followed the Engelund’s formulation was h = 5cm. One of
the assumptions of this formulation is that the ratio flow depth to channel width
must be significantly smaller than 1. It is clear that such conditions is not satisfied
with h = 5cm, but it yields the smallest depth-to-width ratio. It is notable that all
cases with of h = 5cm show some similarity with the velocity profiles computed using
Engelund’s formulation. Even though the formulation underestimates the velocity
values, the general structure of the profile slightly agrees with the measured data.
It shows that Engelund’s formulation potentially may represent tangential velocity
profiles in laboratory facilities when its assumptions are considered in the experimental
setup. In contrast, when h = 10cm and h = 15cm the velocity structure was completely
different than the ”S”-shape curve describe by the Engelund’s formulation. Measured
data shows how the secondary flow influence increases with lid rotation velocity and
flow depth. For instance, velocity profiles at h = 10cm can be seen as a transition
between the well-defined velocity structures at h = 5cm and h = 10cm. Despite some
negative values of velocity at h = 5cm and lid rotation velocity equal to 0.5rpm, this
case is the best profile that follows the Engelund’s formulation.
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Figure 4.12: Modeled and measured tangential velocity profiles for all flow conditions. Cases
(flow depth) were organized by columns and lid rotation velocity were 0.5, 1, 2, 3, and 4rpm
from top to bottom.
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Table 4.1: Shear velocity from measured data, Engelund’s formulation, and adjusted by
minimum squared error.
Lid Rotation 5 cm 10 cm 15 cm
rpm
u∗
Data
[cm/s]
u∗
Eng.
[cm/s]
u∗
Adj.
[cm/s]
u∗
Data
[cm/s]
u∗
Eng.
[cm/s]
u∗
Adj.
[cm/s]
u∗
Data
[cm/s]
u∗
Eng.
[cm/s]
u∗
Adj.
[cm/s]
0.5 0.26 0.12 0.18 0.85 0.11 0.33 0.46 0.10 0.27
1 0.94 0.24 0.37 0.11 0.22 0.37 0.92 0.20 0.42
2 1.04 0.49 0.81 0.93 0.43 0.69 1.29 0.41 0.78
3 1.25 0.73 1.23 1.49 0.65 1.08 2.04 0.61 1.20
4 1.62 0.97 1.61 1.06 0.87 1.41 2.56 0.82 1.55
2. Adjusting shear velocity from Engelund’s formulation
With the purpose of obtaining a better fitting between the Engelund’s formulation
and the measured data, the shear velocity was varied to minimize their sum of squared
errors. Thus, both series may be contrasted in order to understand the effect of shear
velocity on their agreement. Table 4.1 presents the shear velocity estimated from data
(u∗ Data), those computed from equation 4.1 (u∗ Eng.), and the adjusted ones (u∗
Adj.). All adjusted shear velocities became larger than those originally computed with
Engelund’s formulation. They are more similar to those estimated from measured
data. However, adjusted shear velocities are still lower than the measured ones. It
was found that this adjustment resulted on unrealistic values of equivalent roughness
height kL.
Because of the similarity of the measured data for h = 5cm with Engelund’s formu-
lation, figure 4.13 shows the data along with the Engelund’s profiles using the new
adjusted shear velocities. In general, all profiles present a better agreement with the
data than those computed using the originally shear velocities. They tend to fit the
data better over the lower part of the profile; the upper part of the profiles is overesti-
mated by the Engelund’s formulation. It is because data points along the upper part
follows a quite uniform behavior rather than a logarithmic trend. It may be argued
that even though the new shear velocities are more similar to the those estimated from
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measured data, Engelund’s formulation still cannot represent the tangential velocity
profile completely.
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Figure 4.13: Measured data along with tangential velocity profiles using Engelund’s formu-
lation and adjusted shear velocity h = 5cm.
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4.3 Radial Velocity Distribution
This section is divided also into two major parts: (i) measured data, and (ii) Engelund’s
formulation. They will address the measured and computed radial profiles. The radial com-
ponent along with the vertical component of the flow constitute the so called secondary flow.
Ideally, the vertical component would be significantly smaller compared with radial velocity
at the center r-location of a very wide and weakly curved flow. Since Engelund’s formulation
solves for the tangential and radial component of the flow, radial measurements were taken
with the UVP-DUO. The objective of this section was to conduct a comparative analysis of
the radial velocity profiles computed with Engelund’s formulation and the measured data in
the Ven Te Chow Annular Flume.
4.3.1 Measured Data
This part will present the measured mean velocity profiles of the radial component. Because
of the shape of the velocity profiles, it was not possible to present all the 5 profiles for each
flow depth in a single plot. Therefore, the measured data for each lid rotation and flow
depth are presented in individual graphs. Unlike the tangential profiles, no shear velocity
could be estimated from measured data.
Flow depth h = 5cm
Figure 4.14 presents the measured velocity profiles for lid rotation velocity equals to 0.5rpm
to 4.0rpm and flow depth h = 5cm. According to the transducer orientation, negative
velocity indicates that the flow goes towards the inner wall of the flume. Figure 4.14 shows
that the radial velocity becomes more negative as the profile approaches the bottom. In
general, the velocity magnitude enlarges with depth; i.e. the secondary flow becomes stronger
close to the bottom. It is expected to observe positive values of radial velocity at the upper
part of the profile and negative values at the lower part. However, that was not entirely
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Figure 4.14: Mean radial velocity profiles for flow depth h = 5cm.
the behavior showed in figure 4.14. Studies like Krishnappan and Engel (2004) have shown
that at low rotation velocity of the tank the cell formed by the lid tends to be located
asymetrically to the outer part of the cross section for a similar h/B ratio. It may be
argued that the center of the secondary cell is not located at the center of the cross section
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(where the transducers were placed). The same study showed that the extension of the cell
over the cross section depends on the magnitude and relative rotation of the lid and tank.
Also, it may be argued that the dominant direction of the flow at the upper part of the
profile was vertically upwards; recall that the secondary flow is formed by a vertical and
radial components (Falcon, 1984) and only the radial component was measured. Centrifugal
acceleration is proportional to the tangential velocity. Thus, it may be argued that a slower
lid rotation velocity produces a weaker centrifugal acceleration. Once the secondary flow is
established, it will encountered more resistance to convey water inwards proportionally to
the flow depth (by means of the pressure force). It causes the center of the cell to be located
at the outer part of the cross-section if the secondary flow is not strong enough to overcome
the pressure force over the inner part of the cross section.
Flow depth h = 10cm
Figure 4.15 presents the radial velocity profiles when the flow depth was 10cm. Unlike the
cases of h = 5cm, radial velocity became positive in almost all the cases of h = 10cm. Only,
the velocity profile with lid velocity rotation equal to 4.0rpm showed negative values at the
lower part of the profile and a significant reduction of the largest positive velocity. They
may be seen as a progressive evolution of the secondary flow as the lid rotation velocity
became faster. In general, the largest radial velocity is found at z = 8cm and it decreases
with vertical elevation. It was found that the largest velocity of each profile also increases
with lid rotation velocity. However, it was found that the velocity near the bottom decreased
proportionally inverse with lid rotation velocity. It suggests that the secondary cell is capable
to influences further inwards in the flow as the lid velocity becomes faster. It means that
the cell formed by the secondary flow became more extended over the cross-section of the
flume than in the cases when h = 5cm. Since the center of the secondary cell takes place
in the outer part of the cross section, its influence further inwards is observed as the radial
velocity turns into more negative values as the lid rotation velocity increases. Thus, the
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Figure 4.15: Mean radial velocity profiles for flow depth h = 10cm.
radial profile at 4.0rpm showed two structures for a typical secondary flow in a curved flow:
outward velocities at the upper part and inward velocities at the lower part.
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Flow depth h = 15cm
Radial velocity profiles of h = 15cm are found in figure 4.15. Velocity profiles of 1.0rpm to
4.0rpm showed a well-defined velocity profiled. The 0.5rpm-case was more scattered than
the rest of profiles. However, a similar tendency can be vaguely identified with the rest of the
profiles: the largest positive velocity is located near the lid and it decreases with elevation.
It was the sames patter shown in all cases of h = 10cm. It is remarkable that most of
the velocity values and their distribution are similar to those with h = 10cm. Thus, these
velocity profiles support the idea that the secondary cell becomes more extended over the
cross section as the lid rotation velocity increases. Note that the flow structure turns into
outward at the upper profile and inward at the lower part at lid rotation equal to 4.0rpm,
similar to the same case but with h = 10cm.
4.3.2 Engelund’s formulation
Figure 4.17 presents measured data along with the radial velocity profile estimated with
Engelund’s formulation. In general, it was found that the velocity profiles computed with
Engelund’s formulation fitted better the measured data for h = 5cm. However, the formu-
lation overestimated positive (outward) part of the secondary flow. Regarding the rest of
flow conditions, there was not a consistent over or underestimation pattern. For instance,
the positive part of the profile is underestimated for lid rotation velocity 0.5rpm to 3.0rpm
when h = 10cm. However, it is overestimated for 4.0rpm when h = 10cm. The Engelund’s
formulation considers that the cell is well extended over the entire cross section. Thus, it
assumes that the net flow at a certain r-location is zero. However, thus is not the cases
when the secondary cell is located towards the outer part of the cross section. Because the
Ven Te Chow Annular Flume is a strong curved channel and its flow depth to width ratio
was not significantly smaller than one, there is a strong interaction between the main and
secondary flow. On the other hand, deeper flow depths may impose more resistance to the
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Figure 4.16: Mean radial velocity profiles for flow depth h = 15cm.
centripetal acceleration to form a secondary flow. Also, it provides the flow with a longer
characteristic length to be developed. Therefore, it suggests that there exists a complex
interaction between the momentum transferred by the moving lid and the pressure force
imposed by the flow depth.
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Figure 4.17: Modeled and measured radial velocity profiles for all flow conditions. Cases
(flow depth) were organized by columns and lid rotation velocity were 0.5, 1, 2, 3, and 4rpm
from top to bottom.
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Chapter 5
Final Remarks
The purpose of this study was to assess the applicability of the Engelund’s formulation in the
tangential and radial flow of the Ven Te Chow Annular Flume. Therefore, radial and tangen-
tial velocity profiles were taken with an Ultrasound Velocity Profiler (UVP) and compared
with those computed using the Engelund’s formulation. It was intended to understand the
hydraulic behavior of this facility at the University of Illinois Urbana-Champaign. Despite
some similarities of the measured tangential profile with the computed using the Engelund’s
formulation, it was found that the formulation is not suitable for the Ven Te Chow Annular
Flume. The strong curvature of the flume and the large depth-to-width ratio played a major
role on defining the interaction of the secondary flow with the tangential velocity profile.
Engelund’s formulation does not represent correctly the tangential and radial velocity
profiles in the Ven Te Chow Annular Flume. The formulation has two important assumptions
that are satisfied in this facility. First, the flow must be weakly curved in order to guarantee
that the secondary flow does not interact significantly with the tangential flow. Falcon
(1984) explains that strong curved channels convective terms of the momentum of governing
radial equations becomes important and affects the tangential profile. In order to avoid a
strong interaction between tangential and secondary flow, Falcon (1984) recommends that
width-to-radius ratio must be significantly smaller than one. It was not the case for the
Ven Te Chow Annular Flume. The width-to-radius became B/R = 0.31. On the other
hand, Engelund’s formulation holds that it is valid for wide channels. It means that the flow
dept-to-width ratio must be significantly smaller than one. Three flow depth were assessed
in this study: 5cm, 10cm, and 15cm; such flow conditions yield depth-to-width ratios of
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0.25, 0.5, and 0.75, respectively. Thus, the misrepresentation of the tangential and radial
velocity profiles by the Engelund’s formulation are attributed to geometry configurations of
the flume. However, viscous effects could also be playing a role. Engelund’s theory assumes
that the flow is fully turbulent, and viscous effects are negligible.
Even though Engelund’s formulation does not represent correctly the tangential profiles
in the Ven Te Chow Annular Flume, it is notable some similarity with few measured cases.
When flow depth was equal to 5cm, the measured the general structure of the modeled
profiles slightly agreed with the measured data. Even though the depth-to-width ratio of
this case was not significantly smaller than one, it yielded the smallest valued among all
the assessed cases. It shows that Engelund’s formulation potentially may represent tan-
gential velocity profiles in laboratory facilities when its assumptions are considered in the
experimental setup.
Engelund’s formulation underestimated the shear velocity in all cases. All measured
profiles followed a logarithmic distribution along the lower 3cm of the profile. Thus, shear
velocities were estimated from measured data and compared with those computed with En-
gelund’s formulation. It was found that the equations (tangential and radial) were sensitive
to the value of shear stress. Therefore, the formulation underestimated the measured tan-
gential profiles as well. Measured shear velocity increased with lid rotation velocity and flow
depth. On the other hand, shear velocity estimated with the formulation increases with lid
rotation but decreases with lid velocity rotation. Such differences were attributed to the
interaction between the secondary flow and the tangential flow.
Furthermore, important distortion on the tangential velocity profile increased with flow
depth. Since the secondary flow was more developed as the flow depth increased, its effect
on the tangential profile became stronger with flow depth as well. For instance, the lower
part of the h = 15cm profiles presented a peak at the lower profile that was larger than
the lid rotation velocity vL. The maximum velocity of a typical Couette flow is located at
the upper moving plate. Since the same peak was slightly perceived for flow depth equal to
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10cm and no identified for flow depth of 5cm. It may be argued that the velocity structure of
these profiles develop with the flow depth. Therefore, it suggested that convective velocities
from the secondary flow may influence the tangential flow as the depth flow becomes larger.
Also, it was found that measured shear velocity and depth-averaged mean velocity followed
a family of power-law equations as function of flow depth.
Engelund’s formulation did not represent the radial component of the flow because it
assumes that the secondary flow covers completely the cross section. This assumption be-
came possible when the curvature of the flow is weak and the cross section is sufficiently
larger than the flow depth. Also, Engelund’s formulation states that the net radial flow is
zero. It means that the radially outward mass flux at near the lid is proportional to the
inward flow at the bottom of the cross section. However, it was found outward and inward
flow were not balanced in the measured radial velocities. In general, the positive velocity
(outward flow near the lid) increased with flow depth. Studies like Krishnappan and Engel
(2004) showed that at low rotation velocity of the tank the cell formed by the lid tends to be
located asymmetrical to the outer part of the cross section. It may be argued that the center
of the secondary cell was not located at the center of the cross section (where the transducers
were placed) in all cases. The radial flow will encounter more resistance to convey water in-
wards proportionally to the flow depth (by means of the pressure force). It causes the center
of the cell to be located at the outer part of the cross-section if the secondary flow is not
strong enough to overcome the pressure force over the inner part of the cross section. Also,
it was found that the radial velocity profiles increased with lid rotation velocity. Because
centrifugal acceleration is proportional to the tangential velocity, it may be argued that a
slower lid rotation velocity produces a weaker centrifugal acceleration. It was notable that
velocity near the bottom became more negative (inward radial flow) proportionally with lid
rotation velocity. It suggests that the secondary cell is capable of reaching further inwards
into the flow as the lid velocity becomes faster. Therefore, it suggests that there exists a
complex interaction between the momentum transferred by the moving lid and the pressure
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force imposed by the flow depth.
Finally, this work can be extended into measurements of the secondary flow field in the
radial and vertical direction considering part of the flow takes place through the bed. Future
studies should be focused on measuring the secondary flow (radial and vertical velocity field)
in the cross section of the Ven Te Chow Annular Flume. Optical techniques such as LDV
measurements have been proven to be suitable tools to measure the secondary flow. Also,
some effort should be put on characterizing experimentally the turbulence parameters in the
Ven Te Chow Annular Flumes. Since this experimental setup used granular sediments to
rise the bottom, UVP-DUO may be used to measure the continuity of the secondary flow
into the porous media. UVP-DOU can measured though a porous media as well as particles
can move through the granular sediments.
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